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Abstract 
Using vibrations as the primary design consideration, this project produced three designs of 
varying vibration performance for a 170,000 square foot, multi-use structure with rooftop athletic 
fields on the WPI campus. All three designs adhere to AISC, ASCE, ACI, LEED, NIBS, and 
NFPA specifications and the Massachusetts State Building Code. A cost analysis using RSMeans 
was performed to select the design that best optimized performance and economy. Final design 
details include: structural framing and foundation plans; geometrics for two levels of parking; 
architectural, egress, lighting, and HVAC considerations for a multipurpose academic, athletic, 
and recreational space; and site grading and drainage plans.  
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Capstone Design Statement 
This Major Qualifying Project explored the redesign and expansion of the Worcester Polytechnic 
Institute (WPI) parking garage rooftop athletic field structure, also known as the Park Avenue 
Garage Field. The proposed structure includes rooftop athletic fields, two levels of parking, and 
multipurpose academic, athletic, and recreational space. Three designs incorporating structural, 
parking, architectural, and site considerations were produced and evaluated to identify a feasible 
solution that met multiple functional needs and environmental constraints. This project addressed 
realistic constraints, such as economic, manufacturability, environmental, sustainability, social, 
ethical, and health and safety constraints. By completing this Major Qualifying Project, the 
requirements for a Capstone Design were met. 
 
Economic 
Multiple designs were produced for the existing site and analyzed for cost to determine the most 
economic and feasible design. This project utilized least weight structural members to minimize 
the amount of required steel and accompanying costs. The costs of materials were minimized for 
the architectural design as well. The cost estimation of the structure accounted for materials, 
labor, and equipment.  
 
Manufacturability 
Standardized structural members were used in a repeatable fashion to enhance constructability of 
the structure. Improved constructability also allows for a faster construction time and limits 
potential delays due to winter weather conditions. Labor costs were concurrently considered with 
the cost of materials to optimize the final construction cost.  
 
Environmental 
The grading of the existing site was analyzed to determine the potential for erosion. The existing 
drainage capacity of the City of Worcester was considered to design connections that would not 
produce local flooding.  
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Sustainability 
The HVAC systems of the multipurpose academic, athletic, and recreational space of the 
structure were designed with sustainability in mind. Glass curtain walls were utilized throughout 
the space to take advantage of natural lighting and heat. The entirety of the lighting design used 
LED fixtures to reduce total expected power usage. 
 
Social  
The WPI community as well as the neighboring residents of Worcester were considered for this 
project. A vertical design for the multi-use structure was used to prevent encroachment on the 
immediate residential neighborhood.  
 
Ethical 
This project adhered to Canon 1 of the ASCE Code of Ethics, “Engineers shall hold paramount 
the safety, health, and welfare of the public and shall strive to comply with the principles of 
sustainable development in the performance of their professional duties” (ASCE Code of Ethics, 
2006). All designs considered the well-being of the WPI and Worcester communities. Cost 
reductions were never considered if they jeopardized the strength of the structure and 
accompanying safety of occupants.  
 
Health and Safety 
All three designs adhered to the Massachusetts State Building Code, as well as other regulatory 
standards, specifications, and guidelines set forth by the ASCE, AISC, ACI, LEED, NIBS, and 
NFPA, including but not limited to ASCE 7, NIBS WBD, and NFPA 101. This project accounted 
for fire safety considerations such as occupant load, maximum distance of travel, and egress 
capacity.  
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Professional Licensing Statement 
Civil engineering professional licensure laws and requirements vary at the international, national, 
and state levels. In the United States of America, licensure requirements are governed by 
individual states; however, the National Council of Examiners for Engineering and Surveying 
(NCEES) is responsible for administering the Professional Engineering (PE) Exam, with 
stakeholder involvement. Obtaining a professional license is a prestigious and honorable 
achievement, and is critical to the advancement of one’s career in engineering. A professional 
license validates an engineer’s comprehension of technical and ethical principles as well as his or 
her duty to protect the safety of the public (American Society of Civil Engineers [ASCE], 2016). 
Only licensed engineers are legally allowed to sign and seal plans or offer services, and only 
Professional Engineers (PEs) are allowed to bid for government contracts and lead private 
engineering firms; therefore, it is essential for an engineer to be licensed (NCEES, 2016).  
 
To be eligible for a PE license, one must graduate with a Bachelor of Science degree from an 
engineering program accredited by the Accreditation Board for Engineers and Technology 
(ABET). The Fundamentals of Engineering (FE) exam is administered by the NCEES; one must 
obtain a minimal or higher score as set by the state in which licensure is being sought to receive 
Engineer in Training (E.I.T.) status. A minimum of four years of professional experience under 
the supervision of a PE is typically required before the PE exam can be taken. Once the 
requirements to take the PE exam are met, an application may be sent to the applicable state 
board requesting permission to take the exam. After passing the PE exam, PEs may renew and 
maintain their PE status by demonstrating improvement in their skills throughout their career 
(National Society of Professional Engineers [NSPE], 2016).  
 
PE licensure ensures the competency of an engineer and his or her knowledge of applicable laws, 
codes, and regulations. The PE license provides the public with the assurance that projects are 
safe and are being completed by competent and ethical engineers. A PE is relied upon to help 
ensure the safety of infrastructure that the public uses daily. PEs must be honest and competent 
to make the appropriate technical and ethical decisions that the occupation requires. Most 
importantly, PEs have the responsibility of training and teaching the next generation of PEs. 
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1. Introduction 
When space is a constraining factor for a project, today’s structural advancements suggest that 
the solution is to build vertically. Rooftop athletic fields allow for athletic facilities, offices, 
parking, and other spaces to be situated vertically on top of one another in a confined space. Due 
to its structural complexities, a rooftop field is a fairly new idea; however, there are several 
examples around the country that utilize this concept. At the Northwest School in Seattle, 
Washington, a gymnasium, theater, and dining room are all located between ground level 
parking and the rooftop athletic field. According to Head of School Mike McGill, the concept for 
such a structure comes from the school’s desire for “not only a beautiful building that supports 
[the Northwest School’s] interdisciplinary program but one that would operate sustainably in a 
tight urban environment” (Rohrbach, 2014). An extreme example of vertical design may be 
found in Shanghai, China, where designers were tasked with creating a building in an extremely 
limited space that contained the amenities of an entire city. The Shanghai Tower, one of the 
tallest buildings in the world, fits living, dining, commercial, and healthcare facilities within a 
single footprint, leaving inhabitants with virtually no reason to leave the tower (Langfitt, 2015).  
 
WPI, with a combined undergraduate and graduate student population of 6,057 and growing on 
only 95 acres of campus, similarly needed multiple features in a small amount of space (WPI 
Admissions, 2015). Due to the ever-growing nature of the institution, additional parking was 
needed; however, the only viable on-campus site for a new parking garage was the athletic 
practice fields adjacent to Alumni Field. Building a new parking garage on these fields 
threatened to force all outdoor varsity, club, and intramural sports teams to share Alumni Field, 
the only other on-campus facility for outdoor sporting events; therefore, the Park Avenue Garage 
Field was constructed to allow for the athletic practice fields and parking garage to share the 
same space.   
 
Rooftop athletic fields often experience a unique, dynamic loading pattern that cannot be 
reflected using traditional, gravity load governed methods. Because structures are usually 
designed with gravity and lateral loads as the main design considerations, the dynamic loads 
caused by rhythmic, athletic activities often result in significant vibrations. Vibrations are 
typically considered a subset of serviceability, or an acceptable tolerance for comfort, rather than 
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a governing design factor. Because most structures, such as office and residential spaces, have 
relatively consistent live loads, simple deflection limits are usually used to limit vibrations; 
however, these simplified limits are inadequate when accounting for more complex, variable 
dynamic loads, such as those experienced on the rooftop athletic fields of the Park Avenue 
Garage Field. This project explored a redesign and expansion of the Park Avenue Garage Field 
that uses vibrations as the primary design consideration. The project also includes new parking 
and multipurpose space that is not currently present in the Park Avenue Garage Field. The goal 
of this project was to produce a functional design for a multi-use structure with rooftop athletic 
fields that limits the vibrations caused by variable dynamic loads.  
 
This project details the technical specifications of three structural designs of varying vibration 
performance for a 170,000 square foot, multi-use structure with rooftop athletic fields on the 
WPI campus: a zero vibration control design, moderate vibration control design, and full 
vibration control design. The zero vibration control design uses traditional methods focused on 
gravity loads as the primary design consideration and does not account for vibrations caused by 
dynamic loads. The moderate vibration control design prevents noticeable vibrations caused by 
the two most prevalent vibrations modes. The full vibration control design prevents noticeable 
vibrations caused by all three primary vibration modes. All three structural designs adhere to 
AISC, ASCE, ACI, LEED, NIBS, and NFPA specifications and the Massachusetts State 
Building Code. In addition to structural framing and foundation plans, the final design details 
also include: geometrics for two levels of parking; architectural, egress, lighting, and HVAC 
considerations for a multipurpose academic, athletic, and recreational space; and site grading and 
drainage plans. Lastly, a cost analysis using RSMeans was performed to select the design that 
best optimized performance and economy.  
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2. Background 
To accomplish this project's overall goal of designing a new multi-use structure with rooftop 
athletic fields, six objectives were completed: 
 
 Design multiple structural frames and foundations of varying vibration performance for a 
new structure using vibration as the primary design consideration 
 Design high level of service parking geometrics  
 Develop new multipurpose academic, athletic, and recreational space including 
architectural, egress, lighting, and HVAC considerations 
 Develop site grading and an adequate drainage system for the new structure 
 Create a 3D model to aid visualization  
 Perform a construction cost analysis using RSMeans to select the multi-use structure 
design that best optimizes performance and economy 
 
A project proposal detailing the scope of work and specific methods to accomplish each 
objective was produced by using and applying various relevant sources and existing engineering 
techniques and may be found in Appendix A. Structural design considerations included but were 
not limited to: static and dynamic loadings; vibrations; strength requirements; material 
properties; the Massachusetts State Building Code and ASCE, AISC, and ACI standards, 
specifications, and guidelines; the intended usage of the structure; and cost of materials and 
labor. Parking geometrics design considerations included the type of user, site restrictions, and 
the desired parking capacity. Considerations for the multipurpose space design included aesthetic 
appeal; LEED, NIBS, and NFPA standards, specifications, and guidelines; fire safety and egress; 
cost of materials and labor; lighting and air conditioning requirements; and energy consumption. 
Site and drainage considerations included: zoning designations and restrictions; grading 
requirements; and existing surface and drainage conditions. The following sections present 
information that was used to determine the necessary design considerations for completion of the 
project.  
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2.1 Vibrations 
Vibration in a structure is the vertical oscillation of structural components due to deflection of 
members caused by applied loads. Although live load deflection limits are frequently used in an 
attempt to prevent excessive structural vibrations, these limits often fail to address vibrations that 
are induced by dynamic loads (Murray, Allen, & Ungar, 2003). Vibration that exceeds tolerable 
limits can cause people to experience severe discomfort. Figure 1 from the International 
Standards Organization shows the peak acceleration limit for people in different settings. The 
tolerable acceleration to gravity ratios in Figure 1 vary according to the applied forcing 
frequency (Murray et al., 2003). 
 
 
Figure 1: Recommended Maximum Acceleration Limits for Human Activities 
            From Murray et al., 2003, AISC Steel Design Guide Series 11, p. 7 
 
2.1.1 Resonance 
When the floor system of a structure experiences sudden, quickly released displacement, free 
vibration will occur at its natural frequency. When the forcing frequency of an applied dynamic 
load is equivalent to or nearly equivalent to the natural frequency of a floor system, resonance 
will occur due to superposition and result in significant amplitudes of motion and accompanying 
vibrational discomfort for occupants. Although substantial acceleration of a floor system can 
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occur due to resonance when the ratio of the natural frequency of a floor system to the forcing 
frequency of a dynamic load is nearly equivalent or equivalent to one, increasing the natural 
frequency increases the frequency ratio and results in much smaller vibrational effects (Figure 2).  
 
 
Figure 2: Natural Frequency to Forcing Frequency Relationship 
                       From Murray et al., 2003, AISC Steel Design Guide Series 11, p. 3  
 
Viscous damping is a force proportional to velocity that acts to diminish vibrations in a structure 
by reducing the mechanical energy of the vibrations. Critical damping refers to the least amount 
of damping that allows a displaced and released system to return to rest at equilibrium without 
oscillating. Although optimizing the damping in a structure to exceed the critical damping or 
increasing the mass of the structure can prevent uncomfortable vibrations, these methods are 
usually ineffective at decreasing vibrations when large dynamic loads are involved. Because it is 
difficult to prevent a floor system subjected to large dynamic loads from experiencing resonance 
and the accompanying vibrational response, the floor system must be designed to have a greater 
natural frequency of at least 1.2 times that of the forcing frequency of the dynamic loads (Murray 
et al., 2003).  
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2.1.2 Modal Analysis 
To determine the natural frequency of a floor system, modal analysis may be performed. Modal 
analysis determines the mode shapes of different natural frequencies, which describe the pattern 
of movement in a system due to vibrations. The natural frequency of a member is determined by 
its various sectional properties such as elastic modulus and transformed moment of inertia; 
therefore, different members in a structure will have different natural frequencies and 
accompanying mode shapes. By determining the mode shape of each member of a structure and 
all relevant mass participation factors, a composite mode shape that describes how the floor 
system as a whole responds to multiple forces may be created by superimposing each factored 
mode shape on top of one another (Figure 3).  
 
 
Figure 3: Mode Shapes of Beam and Floor System 
                                   From Murray et al., 2003, AISC Steel Design Guide Series 11, p. 3 
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The mode shape of a floor system can be divided into multiple panels, where large panels are 
associated with low frequency modes and small panels are associated with high frequency 
modes. Vibrations will usually only occur in some but not all of the panels because column, wall, 
and other supports will fix most panels in place and prevent movement relative to one another 
(Murray et al., 2003).  
 
2.1.3 Vibrations as a Design Consideration 
Because the natural frequency of structural components must be more than 1.2 times the forcing 
frequency of dynamic forces to prevent resonance and limit the response amplitude, member 
properties and sizes are governed by achieving a target value for the natural frequency when 
using vibrations as the primary design consideration. The natural frequency of a member is 
determined using Equations 1 and 2 (Murray et al., 2003): 
 
1.  ƒ𝑛 =  
𝜋
2
 [
𝑔𝐸 𝐼𝑡
𝑤𝐿4
]
1/2
 
 
2.  ƒ𝑛 = 0.18√
𝑔
∆
 
 
Where g is gravitational acceleration; E is the elastic modulus of the member material; It is the 
transformed moment of inertia; w is the factored load per length; and L is the length of the 
member.  
 
Equations 1 and 2 are both derived from Equation 3, which solves for mid-span deflection of a 
simply supported beam: 
 
3.  ∆𝑚=
5𝑤𝐿4
384𝐸𝐼
 
 
Equation 1 may be used to determine the natural frequency if the distributed load on a member 
and its properties and dimensions are known; Equation 2 may be used when only the deflection 
of a member is known. The Dunkerley Equation (Equation 4) is used to estimate the total natural 
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frequency for a floor system by summing the inverse squares of the natural frequency of each 
girder, joist, and column: 
 
4.  
1
ƒ𝑛
2 =  
1
ƒ𝑔
2 +
1
ƒ𝑗
2 + 
1
ƒ𝑐
2 
 
The total natural frequency of a floor system may also be found by determining the deflection of 
the girders and joists using Equation 3 and then substituting the sum of the deflection of girders, 
joists, and columns into the denominator of the radical of Equation 2. The deflection of a column 
due to axial load is given by the following equation:  
 
5.  ∆𝑐=
𝜎𝐻
𝐸
 
 
Where σ is the axial stress on the column and H is the height of the column.  
 
The ratio of maximum acceleration of a floor system to the acceleration of gravity due to a 
harmonic rhythmic force assuming only one mode of vibration is determined using Equation 6A 
(Allen, 1990):   
 
6𝐴.  
𝑎𝑝
𝑔
=
1.3𝛼𝑖𝑤𝑝/𝑤𝑡
√[(
ƒ𝑛
ƒ )
2
− 1]
2
+ [
2𝛽ƒ𝑛
ƒ ]
2
 
 
Where αi is the dynamic coefficient for the corresponding harmonic; wp is the effective 
distributed weight of participants in the rhythmic activity per unit area of the floor system; wt is 
the total effective weight of the floor system including participants, bystanders, self-weight of 
the slab, girders, and joists, and dead loads per unit area of the floor system; ƒn is the natural 
frequency of the floor system; ƒ is the forcing frequency of the dynamic loading; and β is the 
damping ratio.  
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At resonance when the natural frequency equals the forcing frequency, Equation 6A simplifies to 
(Allen, 1990):  
 
6𝐵.  
𝑎𝑝
𝑔
=
1.3𝛼𝑖𝑤𝑝/𝑤𝑡
2𝛽
 
 
When the natural frequency is greater than 1.2 times the forcing frequency, the equation further 
simplifies to (Allen, 1990): 
 
6𝐶.  
𝑎𝑝
𝑔
=
1.3𝛼𝑖𝑤𝑝/𝑤𝑡
[(
ƒ𝑛
ƒ )
2
− 1]
 
 
The maximum acceleration for multiple harmonics may be estimated using the combination rule 
(Allen, 1990): 
 
7. 𝑎𝑚 =  [𝛴𝑎𝑖
1.5]1/1.5 
 
Where ai is the maximum acceleration for the i’th harmonic multiple. A harmonic multiple is an 
integer that represents a multiple of how often a force occurs.  
 
Two methods may be used to check the vibration performance of a floor system: the first method 
involves the use of Equations 1, 2, and 4 to ensure that the natural frequency of the floor system 
is greater than the forcing frequency caused by the applied dynamic loads; the second method 
involves the use of Equations 6A and 7 to ensure that the maximum acceleration of the floor 
system does not exceed tolerable limits. Because the ratio of the natural frequency to the forcing 
frequency is inversely proportional to the maximum acceleration, by increasing the natural 
frequency of a floor system, the maximum acceleration and accompanying vibrational effects 
will decrease (Murray et al., 2003).  
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2.2 Structural Design Considerations 
Structural design is defined as “the methodical investigation of the stability, strength and rigidity 
of structures [with] the basic objective…to produce a structure capable of resisting all applied 
loads without failure during its intended life (Food and Agriculture Organization, 2011, p. 115). 
Structural steel framing is often used in structural design due to its many benefits, such as its 
availability, versatility, and high strength capabilities (AISC, 2007). Steel can be mass produced 
in many different shapes and structural member types. In this project, W-shape steel members 
were selected due to their high moment of inertia values and steel’s high elastic modulus value, 
which are desirable to reduce deflections and accompanying vibrations in a floor system. 
Applied loads induce shear and moment that must be resisted by the structural framing to ensure 
the integrity and safety of the structure. The applied loads are transferred through the structural 
framing into the foundation where they are dispersed into the soil. 
 
2.2.1 Loadings 
When designing a structure, the loading must be known or estimated to determine proper 
member sizes. The design load must include an accurate estimation of every load that the 
structure will encounter throughout its service life (McCormac, 2012). Because loadings are 
usually not explicitly known, they must be estimated using applicable building codes and ASCE 
Minimum Design Loads for Buildings and Other Structures, Volume 7 (ASCE 7, 2010). The two 
primary loads for consideration, dead loads and live loads, are discussed in ASCE 7 Chapters 3 
and 4, respectively (ASCE 7, 2010). Because loadings are estimates and may change over time, 
Load Factored Resistance Design (LRFD) is used to include the random variability in loads and 
strength. This provides a level of reliability that ensures that selected members are adequate to 
support the intended usage of the structure.  
 
Dead loads are defined by ASCE 7 Section 3.1 as “the weight of all materials of construction 
incorporated into the building including but not limited to walls, floors, roofs, ceilings, stairways, 
built-in partitions, finishes, cladding and other similarly incorporated architectural and structural 
items, and fixed service equipment including the weight of cranes” (ASCE 7, 2010).  Dead loads 
include the self-weight of all structural members as well as the permanent equipment attached to 
the structure. Some non-structural components are considered dead loads as well, such as ceiling, 
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flooring, non-load bearing wall, mechanical, electrical, and plumbing components. A large 
portion of the dead load on a structure is typically composed of the self-weight of structural 
members. A factor of 1.2 is multiplied to all dead loads under LRFD to ensure safety. 
 
Live loads are produced by the use and occupancy of the structure (ASCE 7, 2010). A common 
type of live load is a moving load, which is a load that moves on its own power, such as trucks, 
people, and cranes. In addition to moving loads, a movable load is a load that can be moved such 
as furniture and warehouse materials (McCormac, 2012). Because live loads are much more 
variable than dead loads, a larger factor of 1.6 is applied to all live loads under LRFD. 
 
Other common loads include environmental loads, which are loads that act on a structure due to 
the environment in which it is located in. Examples of environmental loads are wind, snow, rain, 
and seismic, which are not considered live loads (ASCE 7, 2010). Wind and seismic loads are 
the primary lateral loads that affect a structure.  
 
Live loads do not always accurately represent the force produced by moving forces. Dynamic 
loads are erratic and irregular loads that are much more unpredictable than distributed and point 
loads due to their variable force output and location. Dynamic loads include: periodic loads, 
which are caused by rhythmic activities such as dancing and aerobics; transient loads, which are 
caused by movement activities such as walking and running; and impulsive loads, which are 
caused by sudden, impact activities such as single jumps and heel-drop impacts. Each of the 
aforementioned loads can cause displacement and accompanying vibrations in a floor system, 
which leads to suboptimal serviceability (Murray et al., 2003). 
 
2.2.2 Composite Beams 
Composite beams are members in a structure that have a means of transferring shear force from 
the concrete slab to the steel beam, which is typically done by welding a steel stud or anchor to 
the beam and encasing the concrete slab around it. A positive effect of composite construction is 
the increase in strength of the steel beam. Composite action takes advantage of the compression 
strength of concrete and the tensile strength of steel by allowing the concrete slab to incur most 
of the flexural compressive forces and the steel beam to incur most of the flexural tensile forces, 
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resulting in a moment capacity increase of up to 50 percent (McCormac, 2012). A full composite 
beam in which the concrete slab is entirely in compression and the steel beam is entirely in 
tension requires a large number of shear studs, which can require significant materials and labor 
costs. By utilizing fewer shear studs and allowing only partial composite action in which the 
steel beam is subjected to both flexural compressive and tensile forces, the overall strength of the 
composite beam is decreased but economy is improved.  
  
Due to the increase in strength that composite beams offer, smaller steel members may be used 
to decrease the overall cost of a structure. Because the strength increase of composite beams 
results from the composite bond of the concrete slab and steel beam, a major challenge arises 
during construction since concrete does not achieve a suitable compressive strength for 28 days, 
preventing composite action and the accompanying shear transfer from occurring (McCormac, 
2012). Since a composite beam does not reach its full capacity until after the concrete is cured, 
the steel beam must be capable of supporting all construction loads on its own, including the 
weight of the wet concrete. Despite the limitations during construction, composite beams still 
proved to be the best option in terms of both performance and economy for this project’s girders 
and joists. The composite action provided by the steel members’ interaction with the concrete 
slab allowed a much larger transformed moment of inertia to be achieved, which decreased 
deflections and vibrations while also increasing the total moment capacity of the floor system.   
 
2.2.3 Columns 
Columns are compression members designed to transfer loads from a structure’s beams into the 
foundations and typically fail by different modes of buckling, which is a phenomenon that occurs 
when a compression member moves laterally in relation to the compressive force due to its 
slenderness. Flexural, local, and torsional buckling are all possible failure modes of columns 
(McCormac, 2012). This project used steel columns to allow for simplified bolted connections 
between beams and columns. Steel columns were also used to increase the construction speed by 
allowing faster erection of the structure’s frame, which leads to other work beginning earlier in 
the construction schedule as well. Winter weather constraints require rapid construction speed; 
therefore, reinforced concrete columns were deemed inadequate for this project since they must 
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cure before achieving the strength to support the girders and joists, delaying the start of other 
work throughout the structure.  
 
2.3 Parking Geometrics Design Considerations 
Parking structures must accommodate vehicular circulation and access between multiple floors; 
however, they must also be easily navigable and accessible to users. Parking geometrics refers to 
the layout and dimensions of parking stalls. Factors that influence the final parking geometrics 
design of a parking structure include the type of user, site restrictions, and the desired parking 
capacity (Chrest, Smith, Bhuyan, Iqbal, & Monahan, 2001). To ensure that proper traffic flow is 
achieved, a Level of Service approach is typically followed.  
 
2.3.1 Level of Service Approach 
The Federal Highway Administration defines Level of Service (LOS) as a “quality measure 
describing operational conditions within a traffic stream” (United States Department of 
Transportation and Federal Highway Administration, 2006, Section 3). Using the LOS approach, 
a section of roadway or parking structure is graded on multiple relevant criteria, each of which 
receives an individual grade based upon the specific uses and conditions of the parking structure. 
Figure 4 shows the LOS criteria for a parking structure and the acceptable LOS grades according 
to user. 
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Figure 4: Level of Service Criteria 
From Chrest et al., 2001, Parking Structures Planning, Design,    
Construction, Maintenance and Repair, Level of Service Criteria   
Table 3-1 
 
Different user characteristics and locations can lead to two identical parking structures having 
different overall LOS grades. As illustrated by Figure 4, an acceptable LOS grade can vary 
significantly depending on the users of the parking structure. Familiar users, such as employees, 
will typically tolerate poorly graded aspects of a parking geometrics design, but will not tolerate 
long waits or walking distances; whereas, visitors that are unfamiliar with a parking structure 
will often be much more sensitive to these aspects (Chrest et al., 2001). The goal of the LOS 
approach is to guide parking geometrics design so that the parking structure will receive the 
proper combination of acceptable LOS grades for its intended use. 
 
2.3.2 Required Number of Parking Stalls 
The primary design consideration for parking geometrics is the required number of parking 
stalls, which can be calculated as a ratio of parking demand to the intended use of the facility 
(Chrest et al., 2001). Figure 5 shows the ratio for cultural, recreational and entertainment uses. 
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Figure 5: Parking Demand to Intended Use Ratios 
From Chrest et al., 2001, Recommended Zoning Ordinance                             
Provisions for Off-Street Loading Space, Washington D.C.: National 
Parking Association 
 
2.3.3 Gross Parking Area 
After determining the parking demand for a parking structure, the dimensions and layout may be 
determined. Site constraints and Gross Parking Area (GPA), which is the area inside of exterior 
walls of a structure, determine the number of floors of required parking. GPA is also used for the 
cost estimation of a parking geometrics design (Chrest et al., 2001). 
 
2.3.4 Parking Stall Dimensions 
To best optimize the GPA, parking geometrics must be designed so that usable space is 
maximized without sacrificing the LOS grades of different aspects of the parking structure. The 
size of the design vehicle differs throughout the world and affects the required size of the parking 
stalls; therefore, an understanding of the average vehicle size is essential to producing a 
satisfactory parking geometrics design (Chrest et al., 2001).  
 
Door opening dimensions must also be considered to ensure that parking stalls allow for enough 
space to comfortably open a car door and move freely. The turnover of users in the parking 
structure affects the required door opening dimensions: for long term parking of three hours or 
more, 20 inches is recommended whereas for short term parking of less than three hours, 24 
inches is recommended (Chrest et al., 2001).  
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The effect of a vehicle’s movement into a parking stall on user comfort is considered. Decreasing 
the width of a parking stall typically decreases user comfort; however, by rotating the angle of 
parking from 90 degrees to 45 degrees, the width of the parking stall may be reduced without 
sacrificing user comfort (Chrest et al., 2001).  
 
2.4 Site and Drainage Considerations 
The following sections detail current zoning designations and restrictions as well as existing 
surface and drainage conditions for the project site. 
  
2.4.1 Zoning Designations and Restrictions 
The Worcester Zoning Ordinance details zoning overlays and their accompanying restrictions on 
development (City of Worcester, 2015). The Park Avenue Garage Field is located on the 
property of 210 John Wing Road in an “Institutional, Education” (IN-S) zoning overlay and is 
shown in Figure 6. 
 
 
Figure 6: Site Location  
          Adapted from Oliver MassGIS, 2015 
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The site does not overlap with any additional overlays concerning wildlife or water protection. 
Neither the height of the structure nor the land area-to-building area ratio are restricted for the 
site, and minimum setback restrictions are 15 feet for the front yard and 10 feet for the back yard 
and both side yards. Because the multi-use structure maintains the footprint of the Park Avenue 
Garage Field, the multi-use structure meets all zoning requirements (City of Worcester, 2015). A 
portion of the Worcester zoning map identifying the site zoning designation is shown in Figure 7.  
 
 
Figure 7: Site Zoning Designation 
  From City of Worcester, 2015, Worcester Zoning Ordinance 
 
2.4.2 Existing Surface and Drainage Conditions  
The site is located in a drainage path between the elevated portion of the WPI campus on 
Boynton Hill and the intersection of Park Avenue and Salisbury Street. The Park Avenue Garage 
Field drainage system consists of drainage manholes, drainage pipes, sub basins, and storage 
basins. All water that drains from the site enters the City of Worcester’s municipal storm water 
system and ultimately discharges into Salisbury Pond. Figure 8 shows the drainage directions for 
the site.  
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Figure 8: Site Drainage Directions 
 
The existing drainage system features 495 StormTech MC-4500 chambers in 11 rows of 45 
chambers. Each chamber has a storage capacity of 106.5 cubic feet, with a total system capacity 
of 52,7000 cubic feet of water storage (StormTech, 2010). All water that exceeds the total system 
capacity must drain into the City of Worcester municipal storm water system.  
 
The site must be re-graded with slope formation no greater than 10 percent on vegetated areas to 
prevent erosion. Impervious surfaces should be minimally sloped to reduce the flow of water 
during storms. By upgrading the existing storm drainage system with additional on-site water 
storage, the stress placed on the City of Worcester municipal storm water system by the site may 
be reduced.  
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3. Structural Design  
Three different structural designs were produced, each offering different levels of vibration 
performance: zero vibration control, moderate vibration control, and full vibration control. The 
following sections discuss each of the three structural designs’ vibration performance and 
structural framing details. An excel spreadsheet was used to perform repetitive calculations, and 
a copy of the spreadsheet as well as a hand calculation to confirm its logic accuracy may be 
found in Appendix B.  
 
3.1 Vibration Methods and Assumptions  
Both the natural frequency and the maximum acceleration were determined for the floor system 
of each of the three structural designs to analyze their respective vibration performance. The 
natural frequency of each floor system was checked against its minimum required natural 
frequency for the 1st, 2nd, and 3rd harmonic. The maximum acceleration caused by the 1st, 2nd, and 
3rd harmonic was compared to the desired acceleration to ensure that it was below tolerable 
limits. The natural frequency of each floor system was determined using Equation 2. The 
minimum natural frequency for each harmonic was determined using Equation 8 (Murray et al., 
2003): 
 
8.  ƒ𝑛 𝑚𝑖𝑛 = ƒ√1 +
𝑘
𝑎/𝑔
𝛼𝑖𝑤𝑝
𝑤𝑡
 
 
Where ƒ is the forcing frequency for the specific harmonic; k is a constant determined by the 
type of activity being performed; a/g is the desired acceleration to gravity ratio; αi is the dynamic 
coefficient for the corresponding harmonic; wp is the effective weight of participants; and wt is 
the total effective weight of the floor system. These values for each harmonic are provided in 
Table 1. 
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Table 1: Variables for Each Harmonic 
 1st Harmonic 2nd Harmonic 3rd Harmonic 
Forcing Frequency (Hz) 2.375 4.75 7.125 
k Value 2 2 2 
Desired Acceleration (Percent of 
Gravity) 
5.5% 5.5% 5.5% 
Dynamic Coefficient  1.5 0.6 0.1 
Effective Weight of Participants (psf) 3.9352 3.9352 3.9352 
Total Effective Weight of Floor 
System (psf) 
Varies by design Varies by design Varies by design 
 
The forcing frequencies for each harmonic were determined by averaging the minimum and 
maximum values specified in Table 5.2 of AISC Design Guide 11 (Murray et al., 2003). A k 
value of 2 was used because football is an aerobics event. The desired acceleration to gravity 
ratio was determined by averaging the minimum and maximum values of the recommended 
acceleration limits due to rhythmic activities only, as specified by the National Building Code 
(NBC, 1990). The dynamic coefficient values for each harmonic were obtained from Table 5.2 
of AISC Design Guide 11 (Murray et al., 2003). The effective weight of participants was 
determined by assuming that the maximum weight would occur when 17 football players, each 
weighing 300 pounds, occupied a 12x12 yard box. Because most football offensive formations 
have at least 2 wide receivers outside of the box and most defensive formations have at least 3 
defensive backs outside of the box, 17 players was determined to be the maximum number of 
players to be concentrated in the space. Each player was assumed to be 300 pounds to ensure a 
conservative estimate, although the average player weight would most likely be less in most 
situations. The total effective weight of the floor system was determined by summing the dead 
load of the field level, the self-weight of the floor system including girders, joists, and concrete 
slab, and the weight of the participants (Murray et al., 2003).  
 
The natural frequency of each floor system was compared to the corresponding minimum natural 
frequency for each harmonic to ensure adequate vibration control. The acceleration of the floor 
system for each harmonic was determined using Equation 6A, and each acceleration value was 
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substituted into Equation 7 to estimate the maximum acceleration for all three harmonics. The 
desired acceleration was compared to the maximum acceleration caused by all three harmonics 
to ensure that the maximum acceleration was below tolerable limits (Murray et al., 2003).  
 
3.2 Vibration Results  
Because vibrations increase significantly with increasing member deflection, very large members 
with substantial moment of inertias were required to limit vibrations. Due to the large costs 
associated with heavy steel members, a design lacking any vibration control was determined to 
be the most cost effective; however, it subjects participants to uncomfortable vibrations. A 
moderate vibration control design was deemed the best balance between economy and 
performance. Lastly, a full vibration control design eliminates vibrations, but is the most 
expensive of the three designs. The girders, joists, and slab thicknesses used in each design are 
provided in Table 2. 
 
Table 2: 3rd Level Floor System for Each Design  
Typical Members Zero Vibration 
Control Design 
Moderate Vibration 
Control Design 
Full Vibration 
Control Design 
Girder W33x130 W36x330 W36x652 
Joist W24x62 W36x150 W36x182 
Slab Thickness 4” 6” 6” 
 
All girder and joist lengths were dictated by the column spacing required to achieve adequate 
bay sizes for the intended usage of the multipurpose space and parking. Joist spacing was 
optimized to ensure minimal deflections without sacrificing economy. Complete details of all 
three structural designs are provided in Section 3.4. 
 
3.2.1 Zero Vibration Control Design  
The zero vibration control design used gravity load analysis and its basic deflection requirements 
to select member sizes, which resulted in smaller members than the other two designs but 
significantly greater vibrations. The deflections of each member are provided in Table 3. 
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Table 3: 3rd Level Zero Vibration Control Deflections  
Girder Joist Column Total 
0.3630” 0.4577” 0.0015” 0.8221” 
 
The small moments of inertia of the girders and joists results in significant deflections and a 
natural frequency of 3.90 Hz. This natural frequency is not adequate for any harmonic, as shown 
in Table 4. 
 
Table 4: 3rd Level Zero Vibration Control Vibration Performance 
 1st Harmonic 2nd Harmonic  3rd Harmonic  Total 
Required Natural 
Frequency (Hz) 
4.19 6.45 7.61 N/A 
Acceleration 
(Percent of Gravity) 
6.77% 13.60% 1.10% 16.81% 
 
Because the floor system possesses such a small natural frequency, 3rd harmonic vibrations do 
not tend to cause a large amount of acceleration; however, the acceleration caused by the 1st and 
2nd harmonic vibrations are significantly higher than the allowable amount and would cause 
extremely uncomfortable vibrations for participants. The zero vibration control design is 
inadequate due its total acceleration of 16.81 percent of gravity, which is excessive for the 
intended use of the multi-use structure’s 3rd level for athletics.  
 
3.2.2 Moderate Vibration Control Design  
Because much larger members were used for the moderate vibration control design, the girder 
and joist deflections are significantly less than those of the zero vibration control design. The 
deflections of each of member are provided in Table 5. 
 
Table 5: 3rd Level Moderate Vibration Control Deflections 
Girder Joist Column Total 
0.1694” 0.1271” 0.0018” 0.2983” 
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By limiting the deflections of the girders and joists, the floor system achieves a relatively large 
natural frequency of 6.47 Hz, which is adequate for the first two harmonics as shown in Table 6.  
 
Table 6: 3rd Level Moderate Vibration Control Vibration Performance 
 1st Harmonic 2nd Harmonic  3rd Harmonic  Total 
Required Natural 
Frequency (Hz) 
3.72 5.97 7.47 N/A 
Acceleration 
(Percent of Gravity) 
1.24% 3.64% 2.59% 5.37% 
 
The moderate vibration control design limits all three harmonics to accelerations below the 
desired limit, but the natural frequency of the floor system is only adequate for the 1st and 2nd 
harmonic. Because the natural frequency of the floor system is greater than 1.2 times the forcing 
frequency at the 2nd harmonic, all potential vibrations caused by resonance are avoided. 
Although the minimum required natural frequency for the 3rd harmonic is not met, the 
acceleration for that harmonic and the total acceleration are still satisfactory; therefore, the 
design still achieves very good vibration control with reasonable economy.  
 
3.2.3 Full Vibration Control Design 
The full vibration control design used very large members that successfully meet all minimum 
natural frequency requirements as well as all acceleration limits; however, the excessive size of 
the members result in significant cost. The stiffness of the members allows for deflections to be 
held to near minimum values, as shown in Table 7. 
 
Table 7: 3rd Level Full Vibration Control Deflections 
Girder Joist Column Total 
0.0979” 0.1108” 0.0019” 0.2105” 
 
The minimal deflections result in the floor system achieving a very large natural frequency of 
7.71 Hz, which is greater than the required natural frequencies of each harmonic as shown in 
Table 8.  
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Table 8: 3rd Level Full Vibration Control Vibration Performance 
 1st Harmonic 2nd Harmonic  3rd Harmonic  Total 
Required Natural 
Frequency (Hz) 
3.63 5.89 7.44 N/A 
Acceleration 
(Percent of Gravity) 
0.77% 1.79% 2.28% 3.48% 
 
Although the floor system natural frequency is within 1.2 times the forcing frequency of the 3rd 
harmonic, the vibrations caused by resonance are negligible. Because the accelerations caused by 
each harmonic as well as the total acceleration are all less than the desired 5½ percent of gravity, 
the full vibration control design is completely satisfactory for all vibrations.   
 
3.3 Gravity Load Analysis Methods and Assumptions 
To ensure that each design was safe and serviceable, AISC and ACI specifications were used. In 
addition, the following assumptions were made for each of the three structural designs: 
 
Slabs 
 All slabs used 60 ksi reinforcement with ρmin = 0.0018 (ACI Code 7.12.2.1). 
 All slab reinforcement was governed by temperature and shrinkage; therefore, all main 
reinforcement area was the same as transverse reinforcement area (ACI Code 10.5.4).  
 All slab main reinforcement was spaced at no more than the lesser of 3 times the slab 
thickness or 18” (ACI Code 7.6.5). 
 All slab transverse reinforcement was spaced at no more than the lesser of 5 times the 
slab thickness or 18” (ACI Code 7.12.2). 
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Structural Members 
 All girders, joists, and columns are ASTM A992 steel. 
 Shear stud spacing was rounded to the nearest ¼”.  
 Excess shear studs were used in some instances to simplify shear stud spacing to the 
nearest 1” or ½”. 
 Shear studs were placed abreast in some instances to increase the required spacing to 
values greater than the minimum spacing. Shear studs size did not exceed 2.5 times the 
flange thickness for any design using shear studs positioned abreast. All designs using 
shear studs positioned abreast also met the required minimum transverse spacing of 4 
times the diameter of each stud on center.  
 Partial composite beams with PNA 7 were used as opposed to full composite beams with 
smaller steel shapes to decrease the number of required shear studs. In many instances the 
increase of shear studs would have been more expensive than the decrease in steel 
member size due to cost of materials and labor.  
 The shear stud spacing of the joists of each design were assumed to act as the unbraced 
length during construction before composite action is achieved; therefore, some 
temporary bracing may be required during construction to avoid lateral torsional buckling 
of the joists. 
 To avoid costly field column splices, all columns are continuous 26’ members that were 
assumed fixed to the foundation and pinned at the 2nd and 3rd levels.  
 For the 13’ unbraced segment of the columns from the base to the 2nd level, a design K 
value of 0.8 was used as opposed to the theoretical K value of 0.7 due to the inability of 
achieving perfectly fixed connections. For the 13’ unbraced segment of the columns from 
the 2nd level to the 3rd level, a design K value of 1 was used.   
 Staircases were assumed to act as shear walls. 
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Connections  
 Bolted connections were used as opposed to welded connections to decrease labor time 
and costs. Many members are also too large for the necessary welds to be completed in a 
timely manner.  
 All connection angles are ASTM A36 steel.  
 All connections use ¾” A325-X bolt with standard bolt holes.   
 AISC Steel Construction Manual, 14th Edition Tables 10-1, 9-2, and 7-16 were used for 
all connection designs. For all girders and joists, Table 10-1 includes checks for: bolt 
shear; bolt bearing on the angles; bolt bearing on the beam web; and shear yielding, shear 
rupture, and block shear rupture of the angles. For girders and joists coped at the top 
flange only, Table 10-1 includes a check for block shear rupture. For girders and joists 
coped at both the top and bottom flange, Table 10-1 includes checks for shear yielding 
and shear rupture of the beam web. Checks for flexural rupture and local web buckling of 
coped members were performed separately by hand (AISC, 2011).  
 Girders are bolted to the base of column flanges; joists are bolted to plates shop welded to 
column flanges to avoid coping. 
 Some joists are coped at top flange only whereas others are coped at both the top and 
bottom flange to allow for satisfactory connections.  
 The depth of each cope was made to be greater than the thickness of the girder flange; the 
length of each cope was made to be greater than one half the width of the girder flange.  
 
Loadings 
For the 2nd level, a dead load of 127 psf, excluding girder and joist self-weight, and a live load of 
100 psf was assumed. For the 3rd level, a dead load of 30 psf, excluding girder and joist self-
weight, and a live load of 100 psf was assumed. Details of the loading assumptions are provided 
in Tables 9 and 10. 
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Table 9: 2nd Level Dead and Live Loads 
Exterior stud walls with brick 
veneer1 
48 psf ASCE 7, 2010, Table 3-1 
MEP 10 psf ASCE 7, 2010, Table 3-1 
Concrete slab2 55 psf Calculation 
Hardwood flooring 4 psf ASCE 7, 2010, Table 3-1 
Miscellaneous components3 10 psf Estimation  
Gymnasium live load4 100 psf ASCE 7, 2010, Table 4-1 
 
Table 10: 3rd Level Dead and Live Loads 
Concrete parapet and netting5 7 psf Calculation 
Acoustical fiber board 1 psf ASCE 7, 2010, Table 3-1 
Suspended steel channel 
system 
2 psf ASCE 7, 2010, Table 3-1 
MEP 10 psf ASCE 7, 2010, Table 3-1 
Concrete slab2 Varies by design Calculation 
Field turf components 10 psf Field Turf Brochure 
Gymnasium live load6 100 psf ASCE 7, 2010, Table 4-1 
                                                          
1 The exterior walls of the multipurpose space were assumed to be a greater load than the interior walls and 
partitions as well as the concrete parapet surrounding the parking portion of the 2nd level; therefore, a conservative 
approach was taken by applying the 48 psf dead load for exterior stud walls with brick veneer across the entirety of 
the 2nd level. 
2 A 1.1 ponding effect multiplier was used for all concrete self-weight calculations. 
3 The 10 psf dead load for miscellaneous components was intended to account for any future alterations to the 
multipurpose space, such as the addition of heavier flooring. 
4 The 2nd level features a weight room (100 psf), office space (50 psf), parking (40 psf), a bowling alley (75 psf), 
and a dining area (100 psf); therefore, the 100 psf gymnasium live load was considered adequate to account for all 
rooms, corridors, and parking areas. The use of a 100 psf live load across the entirety of the 2nd level also allows for 
future repurposing of the multipurpose space, such as the conversion of academic space to athletic space. 
5 The concrete parapet and netting that surrounds the 3rd level athletic fields was conservatively estimated and 
applied across the entirety of the 3rd level. 
6 Snow loads and occupant loads on the 3rd level athletic fields were considered mutually exclusive because the 
fields cannot be used when covered by snow. Since the gymnasium live load is much greater than snow loads, the 
occupant loads were used in the appropriate load combination equations. 
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3.4 Structural Design Results 
The following sections detail specific aspects of each of the three structural designs. The multi-
use structure is 266 feet wide by 644 feet long with a total footprint of 171,304 square feet. The 
structure is composed of 36’x46’ bays, 25’x46’ bays, and a protruding overhang (Figure 9).  
 
 
Figure 9: Structural Bay Layout 
 
This configuration was chosen to provide maximum flexibility for space usage in both the 
multipurpose space and parking.  
 
3.4.1 2nd Level All Designs (Multipurpose Space and Parking) 
The 2nd level features a 4-inch normal weight concrete slab with a compressive strength of 6 ksi. 
The reinforcement design is provided in Table 11 and illustrated in Figure 10. Additional slab 
information may be found in Appendix C.  
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Table 11: 2nd Level All Designs Slab Reinforcement 
Reinforcement Rebar Size Spacing 
Interior  #4 12” 
Exterior  #4 12” 
Mid-span  #4 12” 
Transverse  #4 18” 
 
 
 
Figure 10: 2nd Level All Designs Slab Section 
 
The girders and joists for a 36’x46’ bay and a 25’x46’ bay are summarized in Tables 12 and 13, 
respectively. A typical framing plan for a 36’x46’ bay and a 25’x46’ bay is shown in Figures 11 
and 12, respectively. Additional information regarding the strength of the structural members 
may be found in Appendix C. 
 
Table 12: 2nd Level All Designs 36’x46’ Bay Structural Members 
Member Member 
Size 
Length Beam 
Spacing 
Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
Girder W33x141 36’  46’ 50 8½”  
Joist W24x68 46’ 6’  24   22” 
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Figure 11: 2nd Level All Designs 36’x46’ Bay Typical Framing Plan 
 
 
Table 13: 2nd Level All Designs 25'x46' Bay Structural Members 
Member Member 
Size 
Length Beam 
Spacing 
Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
Girder W33x141 25’  46’ 49  6”  
Joist W24x68 46’ 5’  24  22” 
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Figure 12: 2nd Level All Designs 25'x46' Bay Typical Framing Plan 
 
The joists are coped at the top flange only with a cope depth of 2 inches and a cope length of 6 
inches. Bolted connections are used and are provided in Table 14. Additional connection strength 
information may be found in Appendix C.  
 
Table 14: 2nd Level All Designs Connections 
Connection 
Type 
Angle Size Angle Length Angle Weight Number of 
Bolt Rows 
Girder-to-
Column 
L4x3½x⅜ 1’-11½” 9.10 lb/ft 8 rows 
Joist-to-Girder L4x3½x¼ 0’-11½” 6.20 lb/ft 4 rows 
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3.4.2 2nd Level All Designs Café Overhang 
The 2nd level café overhang is subjected to the same loads as the rest of the 2nd level and uses less 
girder spacing and equivalent joist spacing; therefore, the girders, joists, and slab used for the 
rest of the 2nd level is adequate for the overhang. In addition, because the tributary area for each 
column is less than the tributary area for columns in the rest of the structure, the same columns 
are used to simplify the purchase of materials and improve constructability. All girders and joists 
for the overhang are summarized in Table 15, and a framing plan is shown in Figure 13.  
 
Table 15: 2nd Level All Designs Café Overhang Structural Members 
Member Member 
Size 
Number of Shear Studs (¾”) Shear Stud 
Spacing 
30’ Perimeter Girder W33x141 50  7”  
20’/20’-1½” Perimeter Girder W33x141 50  4¾” 
30’ Joist W24x68 24  14½”  
26’-4” Joist W24x68 24  12½”  
22’-6” Joist W24x68 26  10” 
18’ Joist W24x68 26  8¼”  
6’ Joist W24x68 12 pairs abreast (24 total)  5½”  
 
 
 
Figure 13: 2nd Level All Designs Café Overhang Framing Plan 
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The same connections that are used for structural members in a 36’x46’ bays are used for the 
interior overhang members. Because all overhang members are shorter than those in the 36’x46’ 
bays, they experience less shear and the connections are adequate. Field welds are to be made on 
all perimeter girder-to-girder and joist-to-girder connections due to the angled geometry. All 
joists with irregular lengths that intersect the girder webs are to be ordered 6 inches to 1 foot 
longer than the actual required length and cut in the field to ensure they fit into their appropriate 
weld location. A rendering of the café overhang is shown in Figure 14.  
 
 
Figure 14: 2nd Level All Designs Café Overhang Rendering 
 
3.4.3 3rd Level Zero Vibration Control Design  
A 4-inch normal weight concrete slab with a compressive strength of 6 ksi is used. The 
reinforcement design is provided in Table 16 and illustrated in Figure 15. Additional slab 
information may be found in Appendix C.  
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Table 16: 3rd Level Zero Vibration Control Slab Reinforcement 
Reinforcement Rebar Size Spacing 
Interior  #4 12” 
Exterior  #4 12” 
Mid-span  #4 12” 
Transverse  #4 18” 
 
 
 
Figure 15: 3rd Level Zero Vibration Control Slab Section 
 
The girders, joists, and columns for a 36’x46’ bay and a 25’x46’ bay are summarized in Tables 
17 and 18, respectively. A typical framing plan for a 36’x46’ bay and a 25’x46’ bay is shown in 
Figures 16 and 17, respectively. A typical framing elevation for a 36’x46’ bay displaying the 
girders and columns is shown in Figure 18. Additional information regarding the strength of the 
structural members may be found in Appendix C. 
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Table 17: 3rd Level Zero Vibration Control 36’x46’ Bay Structural Members 
Member Member 
Size 
Length Beam 
Spacing 
Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
Girder W33x130 36’ 46’ 47 9”  
Joist W24x62 46’ 6’ 22  24” 
Column W12x87 26’ N/A N/A N/A 
 
 
 
Figure 16: 3rd Level Zero Vibration Control 36’x46’ Bay Typical Framing Plan 
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Table 18: 3rd Level Zero Vibration Control 25'x46' Bay Structural Members 
Member Member 
Size 
Length Beam 
Spacing 
Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
Girder W33x130 25’ 46’ 45  6½”  
Joist W24x62 46’ 5’ 22  24” 
Column W12x87 26’ N/A N/A N/A 
 
 
 
Figure 17: 3rd Level Zero Vibration Control 25'x46' Bay Typical Framing Plan 
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Figure 18: 3rd Level Zero Vibration Control Typical Framing Elevation 
 
The joists are coped at the top flange only with a cope depth of 2 inches and a cope length of 5½ 
inches. Bolted connections are used and are provided in Table 19. Additional connection strength 
information may be found in Appendix C.  
 
Table 19: 3rd Level Zero Vibration Control Connections 
Connection 
Type 
Angle Size Angle Length Angle Weight Number of 
Bolt Rows 
Girder-to-
Column 
L4x3½x⅜ 1’-8½” 9.10 lb/ft 7 rows 
Joist-to-Girder L4x3½x¼ 0’-11½” 6.20 lb/ft 4 rows 
 
3.4.4 3rd Level Moderate Vibration Control Design  
A 6-inch normal weight concrete slab with a compressive strength of 6 ksi is used. The 
reinforcement design is provided in Table 20 and illustrated in Figure 19. Additional slab 
information may be found in Appendix C.  
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Table 20: 3rd Level Moderate Vibration Control Slab Reinforcement 
Reinforcement Rebar Size Spacing 
Interior  #4 18” 
Exterior  #4 18” 
Mid-span  #4 18” 
Transverse  #4 18” 
 
 
 
Figure 19: 3rd Level Moderate Vibration Control Slab Section 
 
The girders, joists, and columns for a 36’x46’ bay and a 25’x46’ bay are summarized in Tables 
21 and 22, respectively. A typical framing plan for a 36’x46’ bay and a 25’x46’ bay is shown in 
Figures 20 and 21, respectively. A typical framing elevation for a 36’x46’ bay displaying the 
girders and columns is shown in Figure 22. Additional information regarding the strength of the 
structural members may be found in Appendix C. 
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Table 21: 3rd Level Moderate Vibration Control 36’x46’ Bay Structural Members 
Member Member 
Size 
Length Beam 
Spacing 
Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
Girder W36x330 36’ 46’ 57 pairs abreast 
(114 total)  
7½”  
Joist W36x150 46’ 6’ 26 pairs abreast 
(52 total)  
20½” 
Column W12x96 26’ N/A N/A N/A 
 
 
 
Figure 20: 3rd Level Moderate Vibration Control 36'x46' Bay Typical Framing Plan 
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Table 22: 3rd Level Moderate Vibration Control 25'x46' Bay Structural Members 
Member Member 
Size 
Length Beam 
Spacing 
Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
Girder W36x330 25’ 46’ 59 pairs abreast 
(118 total)  
5”  
Joist W36x150 46’ 5’ 26 pairs abreast (52 
total)  
20½” 
Column W12x96 26’ N/A N/A N/A 
 
 
 
Figure 21: 3rd Level Moderate Vibration Control 25'x46' Bay Typical Framing Plan 
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Figure 22: 3rd Level Moderate Vibration Control Typical Framing Elevation 
 
The joists are coped at the top and bottom flange with a total cope depth of 4 inches and a cope 
length of 8 inches. Bolted connections are used and are provided in Table 23. Additional 
connection strength information may be found in Appendix C.  
 
Table 23: 3rd Level Moderate Vibration Control Connections 
Connection 
Type 
Angle Size Angle Length Angle Weight Number of 
Bolt Rows 
Girder-to-
Column 
L4x3½x⅜ 1’-11½” 9.10 lb/ft 8 rows 
Joist-to-Girder L4x3½x¼ 1’-5½” 6.20 lb/ft 6 rows 
 
3.4.5 3rd Level Full Vibration Control Design  
A 6-inch normal weight concrete slab with a compressive strength of 6 ksi is used. The 
reinforcement design is provided in Table 24 and illustrated in Figure 23. Additional slab 
information may be found in Appendix C.  
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Table 24: 3rd Level Full Vibration Control Slab Reinforcement 
Reinforcement Rebar Size Spacing 
Interior  #4 18” 
Exterior  #4 18” 
Mid-span  #4 18” 
Transverse  #4 18” 
 
 
 
Figure 23: 3rd Level Full Vibration Control Slab Section 
 
The girders, joists, and columns for a 36’x46’ bay and a 25’x46’ bay are summarized in Tables 
25 and 26, respectively. A typical framing plan for a 36’x46’ bay and a 25’x46’ bay is shown in 
Figures 24 and 25, respectively. A typical framing elevation for a 36’x46’ bay displaying the 
girders and columns is shown in Figure 26. Additional information regarding the strength of the 
structural members may be found in Appendix C. 
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Table 25: 3rd Level Full Vibration Control 36’x46’ Bay Structural Members 
Member Member 
Size 
Length Beam 
Spacing 
Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
Girder W36x652 36’ 46’ 78 sets of 3 abreast 
(234 total)  
5½”  
Joist W36x182 46’ 6’ 22 sets of 3 abreast 
(66 total)  
24” 
Column W14x99 26’ N/A N/A N/A 
 
 
 
Figure 24: 3rd Level Full Vibration Control 36'x46' Bay Typical Framing Plan 
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Table 26: 3rd Level Full Vibration Control 25'x46' Bay Structural Members 
Member Member 
Size 
Length Beam 
Spacing 
Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
Girder W36x652 25’ 46’ 56 sets of 4 abreast 
(224 total)  
5¼”  
Joist W36x182 46’ 5’ 22 sets of 3 abreast 
(66 total)  
24” 
Column W14x99 26’ N/A N/A N/A 
 
 
 
Figure 25: 3rd Level Full Vibration Control 25'x46' Bay Typical Framing Plan 
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Figure 26: 3rd Level Full Vibration Control Typical Framing Elevation 
 
The joists are coped at the top and bottom flange with a total cope depth of 8 inches and a cope 
length of 8 inches. Bolted connections are used and are provided in Table 27. Additional 
connection strength information may be found in Appendix C.  
 
Table 27: 3rd Level Full Vibration Control Design Connections 
Connection 
Type 
Angle Size Angle Length Angle Weight Number of 
Bolt Rows 
Girder-to-
Column 
L4x3½x⅜ 1’-11½” 9.10 lb/ft 8 rows 
Joist-to-Girder L4x3½x¼ 1’-5½” 6.20 lb/ft 6 rows 
 
3.5 Geotechnical Design Results  
The following sections discuss the existing foundations of the Park Avenue Garage Field and the 
design of both shallow and deep foundations.   
 
3.5.1 Existing Foundations  
The existing foundations of the Park Avenue Garage Field were analyzed to aid in the design and 
cost estimation of new foundations for the proposed multi-use structure. Both shallow and deep 
foundations were used for the existing foundations per the recommendation of McPhail 
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Associates in the firm’s Parking Garage Athletic Field Structure Foundation Engineering 
Report (McPhail Associates, 2011). A combination of spread footings and pressure injected 
footings (PIFs) were used to account for the inconsistent soil strata of the site (McPhail 
Associates, 2011). The existing foundation design of the Park Avenue Garage Field was used to 
identify the proper locations to use PIFs and spread footings for the new foundation design of the 
multi-use structure. Figure 27 illustrates where PIFs (shaded region) and spread footings 
(unshaded region) were utilized.  
 
 
Figure 27: Site Soil Conditions 
From McPhail Associates, 2011, Parking Garage Athletic Field 
Structure Foundation Engineering Report 
 
3.5.2 Shallow Foundations 
Spread footings for the multi-use structure were designed according to Foundation Design: 
Principles and Practices (Coduto, 2001). The bearing capacity of the soil and settlement were 
both used to calculate minimum dimensions for the spread footings. Spreadsheets produced by 
Coduto were used to determine the minimum dimensions for each factor, and the largest 
dimensioned footing of the two was chosen (Coduto, 2001). 
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Using bearing capacity as the governing factor, minimum spread footing dimensions of  
7’-8”x7’-8”x 30” were calculated (Figure 28).  
 
 
Figure 28: Spread Footings Governed by Bearing Capacity  
 
Using settlement of 1.5” as the governing factor, minimum spread footing dimensions of 
16’x16’x45” were calculated (Figure 29).  
 
 
Figure 29: Spread Footings Governed by Settlement  
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Because the minimum dimensions for the spread footings were greatest when settlement was the 
governing factor, 16’x16’x45” spread footings were chosen as the final shallow foundation 
design. The multi-use structure required a total of 64 individual spread footings. A typical cross 
section of a spread footing is shown in Figure 30. Additional shallow foundation details may be 
found in Appendix D. 
 
 
Figure 30: Spread Footing Typical Cross Section 
 
3.5.3 Deep Foundations 
PIFs for the multi-use structure were designed according to Foundation Design: Principles and 
Practices (Coduto, 2001). Information presented in Parking Garage Athletic Field Structure 
Foundation Engineering Report (McPhail Associates, 2011) and Construction Management and 
Foundation Design for WPI Athletic Rooftop Parking Garage (Paula & Sylvestre, 2013) 
regarding the soil conditions of the site, such as vertical effective stress, (N1)60, and friction 
angles was used to determine toe bearing and side friction capacity. PIFs were designed 
considering ultimate load capacity as a function of the toe bearing and side friction capacity.  
 
Clusters of 4 PIF piles with a 65” diameter, 95” head diameter, and 17’x17’x45” pile caps were 
chosen as the final deep foundation design. Each pile has a capacity of 320 kips with a total 
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cluster capacity of 1280 kips. The pile capacity includes a factor of safety of 3 for each pile. The 
multi-use structure required a total of 56 pile clusters (224 total piles) and 56 pile caps. A typical 
cross section of the pile cap is shown in Figure 31. Additional deep foundation details may be 
found in Appendix D. 
 
 
Figure 31: Pile Cap Typical Cross Section 
 
 
 
 
 
 
 
 
 
 
50 
 
4. Parking Geometrics Design Results 
The following sections detail additional parking geometrics design considerations as well as the 
parking geometrics design and access ramp design for the multi-use structure.  
 
4.1 Additional Parking Geometrics Design Considerations  
The multi-use structure’s required number of parking stalls differs from typical parking 
structures because it is not a ratio for the intended use for the structure. The parking geometrics 
design is not dictated by required parking stalls but rather the total area of the multi-use structure 
as well as the location of the columns that support the second level and rooftop athletic fields. 
The GPA was determined and refined to accommodate the largest number of parking stalls with 
the highest level of service for its users. Although the footprint of the new multi-use structure is 
similar to that of the existing Park Avenue Garage Field, because the new design has different 
column placement, the parking geometrics design needed to be changed. Multiple parking 
geometric design factors were considered to create a functional design, such as the angle of the 
parking stalls, dimensions of the parking stalls, use of one-way vs. two-way parking lanes, and 
distances to entrances and exits (Chrest et al., 2001).  
 
4.2 Parking Geometrics Design  
Multiple parking geometrics designs were created and compared to one another as well as the 
design of the existing Park Avenue Garage Field before selecting the final design. The LOS 
grade of each parking geometrics design for the gross parking area, number of levels, number of 
parking stalls, stall width, turning radius, lane width, and distance from obstructions are 
summarized in Table 28. Additional details may be found in Appendix E. 
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Table 28: LOS Grades of Parking Geometrics Designs  
Scheme Gross 
Parking 
Area  
Number 
of Levels 
Number 
of Parking 
Stalls 
Stall 
Width 
Turning 
Radius 
Lane 
Width 
Distance 
from 
Obstructions 
Existing 170,000 
ft2 
1 534 A A A A 
Scheme I 275,000 
ft2 
2 725 A A A A 
Scheme II 275,000 
ft2 
2 825 A A B B 
 
Due to Scheme II having a LOS of “A” and a larger number of parking stalls, it was chosen as 
the final design. An access ramp system comprised of two symmetrical access ramps allows 
access to the 2nd level of parking and is discussed in Section 4.4. Each access ramp has a one-
way traffic flow, with one access ramp entering the 2nd level and one access ramp exiting the 2nd 
level. The access ramps restrict access to the 2nd level to employees only, giving the 2nd level a 
higher LOS and an increased number of parking stalls than if it were shared by both employees 
and visitors. The final parking geometrics design for the 1st and 2nd level is shown in Figures 32 
and 33, respectively. 
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Figure 32: 1st Level Parking Geometrics 
 
 
 
 
Figure 33: 2nd Level Parking Geometrics 
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4.3 Access Ramp System Design  
The access ramp system was evaluated for LOS and cost. All transition slopes for each access 
ramp are 8 percent grade and all internal slopes are 16.9 percent grade, which qualifies for a 
level of service of “B” (Chrest et al., 2001).  
 
The access ramps are subjected to smaller loads than the 2nd level and uses equivalent joist 
spacing; therefore, the slab used for the rest of the 2nd level is adequate for the access ramps. All 
girders, joists, and columns for the access ramps are summarized in Table 29. A typical framing 
plan and typical framing elevation is shown in Figures 34 and 35, respectively. Additional 
information regarding the strength of the structural members may be found in Appendix C. 
 
Table 29: Access Ramp Structural Members 
Member Member Size Beam Spacing Number of Shear 
Studs (¾”) 
Shear Stud 
Spacing 
27’-4½” Girder W21x44 24’ 17  18¼”  
15’-½” Girder W21x44 24’ 17 10” 
24’ Joist W12x19 6’ 8 32”  
2’-8½” Column  W8x31 N/A N/A N/A  
7’-3” Column W8x31 N/A N/A N/A 
11’-9½” Column W8x31 N/A N/A N/A  
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Figure 34: Access Ramp Typical Framing Plan 
 
 
 
Figure 35: Access Ramp Framing Typical Framing Elevation 
 
The joists are coped at the top flange only with a cope depth of 2 inches and a cope length of 3½ 
inches. Bolted connections are used and are provided in Table 30. Extended double angles were 
used for girder-to-column connections due to their angled geometry (Green, Sputo, & Higgins, 
2005). Additional connection strength information may be found in Appendix C.  
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Table 30: Access Ramp Connections 
Connection 
Type 
Angle Size Angle Length Angle Weight Number of 
Bolt Rows 
Girder-to-
Column 
L7x4x⅜ 1’-2½” 13.6 lb/ft 5 rows 
Joist-to-Girder L4x3½x¼ 0’-5½” 6.20 lb/ft 2 rows 
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5. Proposed Multipurpose Academic, Athletic, and Recreational 
Space   
Although most of the second level of the structure will be comprised of additional parking, it will 
also include a 63,000 square foot multi-purpose academic, athletic, and recreational space. The 
new space comprises approximately 37 percent of the 170,000 square foot second level and is 
located adjacent to Alumni Field. The following sections detail the architectural, fire safety, 
lighting, and HVAC components of the multipurpose space.  
 
5.1 Space Usage 
The multipurpose space features: academic space, including four 32-student classrooms, two 
conference rooms (Figure 36), and 10 spacious offices; athletic space, including The Varsity 
Training Center (Figures 37 and 38), which includes a new weight room and both male and 
female locker rooms; and recreational space, including a café (Figure 39), Alumni Field viewing 
section (Figure 40), and Gompei’s Gutters (Figure 41), a revival of the historic WPI bowling 
alley that was once housed in the basement of the now-shuttered Alumni Gym.  
 
 
Figure 36: Conference Room Rendering 
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Figure 37: The Varsity Training Center Interior Rendering 
 
 
Figure 38: The Varsity Training Center Exterior Rendering 
 
 
Figure 39: Café Dining Area Rendering 
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Figure 40: Café / Viewing Section Rendering  
 
 
Figure 41: Gompei’s Gutters Bowling Alley Rendering  
 
The square footage for each space was based on two characteristics:  
 
1. The standard area for each type of space based on The National Institute of Building 
Sciences Whole Building Design Guide (NIBS, 2016) and other sources.  
2. The amount of remaining available space within the floorplan after assignment of 
other space usages. 
 
The area of each space is summarized in Table 31.   
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Table 31: Multipurpose Space Usage 
Space Area  Standard Area for Type 
of Space 
Reference 
Gompei’s Gutters 8,315 ft2 6,000 ft2  NIBS WBDG, 2016, 
Physical Fitness 
Each Classroom (4 total) 1,310 ft2 1200 ft2 for large lecture 
hall 
NIBS WBDG, 2016, 
Conference/Classroom 
Each Locker Room (2 total) 4,700 ft2 2,800 ft2  NIBS WBDG, 2016, 
Physical Fitness 
Each Office (10 total) 300 ft2 140 ft2  NIBS WBDG, 2016, 
Office 
Each Conference Room (2 total) 640 ft2 760 ft2  NIBS WBDG, 2016, 
Conference/Classroom 
Café / Viewing Section 6,800 ft2 3,717 ft2  NIBS WBDG, 2016, Food 
Service 
Kitchen  2,365 ft2 1,026 ft2  NIBS WBDG, 2016, Food 
Service 
Utilities Room 2,345 ft2 Based on equipment 
needed (See air 
conditioning 
calculations) 
 
Varsity Weight Room 5,885 ft2 4,320 ft2  NIBS WBDG, 2016, 
Physical Fitness 
Convenience Store 626 ft2 760 ft2  NIBS WBDG, 2016, Joint 
Use Retail 
Restrooms (4 total)  285 ft2 300 ft2  American Restroom 
Association, 2016, 
Dimensions 
Exit Stairwells (4 total) 400 ft2 Per egress capacity (See 
egress calculations) 
 
Elevator 38 ft2  40 ft2  Otis Elevator Company, 
2016, Elevator Products 
Elevator Mechanical Room 165 ft2 49 ft2  Otis Elevator Company, 
2016, Elevator Products 
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Figure 42 shows a layout of the space usage throughout the multipurpose space. Full schematics 
can be found in Appendix F.  
 
 
 
Figure 42: Multipurpose Space Usage Layout 
 
5.2 Fire Safety  
The following sections detail fire safety considerations for the multipurpose space, including 
occupancy uses, distance of travel, occupant load, and capacity.  
 
5.2.1 Occupancy Uses 
The National Fire Protection Association (NFPA) uses “occupancies” to classify uses of 
buildings, allowing specific criteria for each type to be enforced. According to Chapter 6 of 
NFPA 101: Life Safety Code, the proposed multi-use structure would be a “mixed occupancy,” 
denoting the presence of two or more occupancy classes in the same building (NFPA 101, 2015). 
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This requires each space to be classified, and Table 32 shows the classifications for each space 
based on Chapter 6 of NFPA 101 (NFPA 101, 2015). 
 
Table 32: Occupancy Type of Each Space 
Space Occupancy NFPA 101 Reference Section 
Gompei’s Gutters Assembly 6.1.2.1 
Each Classroom (4 total)7 Assembly 6.1.2.1 
Each Locker Room (2 total) Assembly 6.1.2.1 
Each Office (10 total) Business 6.1.11.1 
Each Conference Room (2 
total) 
Business 6.1.11.1 
Café / Viewing Section Assembly 6.1.2.1 
Kitchen8  Assembly 6.1.2.1 
Utilities Room Industrial 6.1.12.1 
Varsity Weight Room Assembly 6.1.2.1 
Convenience Store Mercantile 6.1.10.1 
Elevator Mechanical Room Industrial 6.1.12.1 
 
5.2.2 Distance of Travel 
Distance of travel is defined by NFPA 101 Section 7.6 as a “measurement on the floor or other 
walking surfaces that is along the centerline of the natural path of travel, starting from the most 
remote point subject to occupancy and terminating at the point where an exit begins” (NFPA 
101, 2015). The most conservative value for mixed occupancies is chosen for distance of travel 
determinations to ensure a high factor of safety. The multipurpose space used an assembly 
occupancy, which is for areas with a large congregation of people. The maximum distance of 
travel for a new (as opposed to pre-existing) assembly occupancy is 200 feet without sprinklers 
and 250 feet with an approved sprinkler system. Due to the unusual nature of the proposed multi-
use structure, smaller distances of travels were chosen. In addition to adding automatic 
                                                          
7 NFPA 101, Section 6.1.3.1 strictly defines the educational occupancy as spaces used for education of up until 12 th 
grade. Because the classrooms are used for higher education, it is considered an assembly occupancy.  
8 NFPA 101 classifies kitchens as assemblies.  
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sprinklers, the longest distance of travel to an exit is 170 feet from the café / viewing section 
facing Alumni Field to the nearest stairwell. The multipurpose space was designed considering 
the 250-foot limit set by the NFPA; had the distance of travel been greater than this limit, the 
layout of the multipurpose space would have been redesigned (NFPA 101, 2015).  
 
5.2.3 Occupant Load  
An occupant load is the limit of how many people can occupy a building at one time (NFPA, 
2015). Using occupant load factors, which define the allowed occupancy load for each space in a 
building, the occupant load of a building may be determined. According to NFPA 101 Section 
7.3.1.1, “the occupant load in any building or portion thereof shall be not less than the number of 
persons determined by dividing floor area assigned to that use by the occupant load factor for 
that use” (NFPA 101, 2015). This calculation for occupancy load is performed using Equation 9:  
 
9.  𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑡 𝐿𝑜𝑎𝑑 =  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑆𝑝𝑎𝑐𝑒 (𝑓𝑡2)
𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑡 𝐿𝑜𝑎𝑑 𝐹𝑎𝑐𝑡𝑜𝑟
 
 
Table 33 defines the occupant loads throughout the facility using the values provided in NFPA 
101 Table 7.3.1.2 (NFPA 101, 2015).  
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Table 33: Occupant Loads 
Space Occupant Load 
Factor9 
Area (ft2) Occupant Load 
(Persons) 
Gompei’s Gutters 7 net 8,315 net 90 
Each Classroom (4 total) 15 net 1,310 net 87 
Each Locker Room (2 total) 15 net 4,700 net 313 
Each Office (10 total) 100 gross 300 gross 3 
Each Conference Room (2 total) 50 gross 640 gross 13 
Café  
Viewing Section10 
15 net 
1 per seat 
6,000 net 
40 seats  
400 
40 
Kitchen 100 gross 2,365 gross 24 
Utilities Room 100 gross 2,365 gross 24 
Varsity Weight Room 50 gross 5,885 gross 130 
Convenience Store 40 gross 626 gross 16 
Elevator Mechanical Room 100 gross 165 gross 2 
Total Occupant Load N/A N/A 1,142 
 
Using the occupant loads throughout the multipurpose space, the total occupant load was 
determined to be 1,142 people.  
 
5.2.4 Egress Capacity 
The multipurpose space includes seven means of egress, four of which are fire stairwells (two on 
each side of the structure) and two of which are exit doors adjacent to the revolving doors that 
open onto the 2nd level of the parking garage. Although revolving doors are allowed as means of 
egress under NFPA 101, they were excluded to ensure maximum safety of occupants (NFPA 
101, 2015). In the event of a fire, exit signage will direct occupants to the exit doors that open 
onto the 2nd level of the parking garage and to the stairwells in the garage, which are only 30 feet 
                                                          
9 “net” indicates that only the net inhabitable area was taken into account. “gross” indicates that the entire area, both 
inhabitable and habitable, was taken into account. 
10 Because the viewing section has fixed seating, it was treated separately from the café. The occupant load factor 
for assemblies with fixed seating is governed by the number of seats.  
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from the exit doors. The capacity of egress was calculated to ensure that all occupants would be 
able to escape the multipurpose space in an emergency. Equation 10 calculates the egress 
capacity of each egress component. 
 
10.  𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  
𝐶𝑙𝑒𝑎𝑟 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟
 
 
The capacity factor of each component can be found in Chapter 7 of the NFPA 101 (NFPA 101, 
2015). Table 34 shows the capacity of the doors and stairs in the multipurpose space using NFPA 
101 Table 7.3.3.1 (NFPA 101, 2015). 
 
Table 34: Egress Capacity of Doors and Stairs 
Component Clear Width Capacity Factor Component Capacity 
Doors 48” 0.2 240 
Stairwells 64” 0.3 213 
 
The stairs have a lower capacity than the doors; therefore, the stairs were the main consideration 
for allowable capacity. Because five stairwells are spaced evenly, it was assumed that occupants 
would exit out of them equally. If the total occupant load of 1,142 people is met, each stairwell 
would have a capacity of 188. Since the component capacity of the stairwells is 213, the 
stairwells are acceptable for evacuation purposes.  
 
According to NFPA 101 Section 7.3.1.1.2, “for other than existing means of egress, where more 
than one means of egress is required, the means of egress shall be of such width and capacity that 
the loss of any one means of egress leaves available not less than 50 percent of the required 
capacity” (NFPA 101, 2015). If one of the stairwells is blocked, the other four would then carry a 
total capacity of 852 people. Because 50 percent of the total occupant load is 571 people, the 
capacity is still adequate if one of the stairwells is blocked or filled with smoke.  
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5.3 Project Orientation 
The orientation of the structure influences many design considerations for lighting and air 
conditioning design. Figure 43 shows the orientation of the existing Park Avenue Garage Field.  
 
 
Figure 43: Park Avenue Garage Field Orientation 
           Adapted from Google Maps, 2016 
 
As can be seen, the side of the multi-use structure adjacent to Alumni Field faces about 
southwest. This project established a project orientation to simplify architectural and 
construction aspects such as elevations. This project orientation is used for everything except for 
air conditioning calculations, which requires the exact geographic orientation to obtain the angle 
of the sun. Figure 44 shows the adjusted orientation for the project. 
 
66 
 
 
Figure 44: Project Orientation 
  Adapted from Google Maps, 2016 
 
5.4 Lighting Design 
When designing the lighting system for the multipurpose space, sustainability and functionality 
were the primary considerations. Glass curtain walls were used to capitalize on natural daylight 
as much as possible, as well as to maximize views of the surrounding campus. For artificial light, 
LED fixtures were chosen due to their low power usage.  
 
5.4.1 Natural Lighting 
Natural light not only decreases energy costs for heating and lighting but also adds to the 
aesthetic of a building through glass curtain walls. Skylights were not a possibility for the 
multipurpose space due to the presence of rooftop athletic fields; therefore, a large area of glass 
curtain walls was used to allow a sufficient amount of natural lighting in the space. Window area 
per gross wall area values were used to determine that 5,045 square feet of the gross external 
wall area of 12,905 square feet (approximately 39 percent) consists of glass curtain walls 
(Appendix F). The glass curtain walls greatly increase the amount of natural light and heat 
entering the building, which decreases the multipurpose space’s dependency on artificial light. 
While heat gain can be beneficial during the winter, a ducted central air conditioning system was 
needed for the summer. The glass curtain walls used in the structure is discussed in Section 5.5.2 
of this report, and the air conditioning system is discussed in Section 5.5.4.  
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5.4.2 Artificial Lighting  
LED lamps are used throughout the multipurpose space due to their low energy consumption and 
minimal maintenance requirements. Although LED lamps have a high initial cost, they can last 
ten times longer than typical incandescent lights, use a fraction of the power, and through 
programming, can even mimic the desired lighting effects that are normally produced by 
incandescent lamps (Bando, Sakano, Noguchi, & Shimizu, 1998).  
 
General Lighting 
Six different luminaires were chosen to illuminate the multipurpose space. A 6-inch diameter 
recessed downlight was used for the café, locker rooms, and weight room. For spaces with 
minimum foot-candles requirements too large to be satisfied by the downlights, layered lighting 
was used. Layered fixtures used in the multipurpose space include a large rectangular recessed 
troffer and a wall mounted rectangular fixture. The recessed troffer was also used in the hallways 
of the multipurpose space, as shown in the reflected ceiling plan and its accompanying legend 
(Figure 45).  
 
68 
 
 
Figure 45: Reflected Ceiling Plan 
 
Luminaire Symbol Legend 
LED Pendant 
 
CR6” Recessed LED Downlight 
 
Wall Mounted LED 
 
Recessed Troffer LED 
 
Wall Wash Color Decorative LED 
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Task Lighting 
Task lighting includes all lights that aid in accomplishing specific tasks but are not needed for an 
occupant to navigate the space. Although task lighting is not always on, its wattage and 
illumination are significant enough to be considered in lighting design calculations (Winchip, 
2011). Throughout the multipurpose space, two types of fixtures are used for task lighting: desk 
lamps placed in each of the office units and pendants suspended above the serving bar in the café 
(Figure 46).  
 
    
Figure 46: Task Lighting 
       
 
Decorative Lighting 
Decorative lights are traditionally not used in lighting design calculations because they are 
purely for aesthetic value and should not be relied upon for the illumination of a space; however, 
because sustainability is a primary consideration of this project, it was determined that they 
should be included. The only decorative lights used in the multipurpose space are the “wall wash 
color decorative LEDs” located in the bowling alley. When the general lights of the bowling 
alley are turned off, the decorative LEDs would be turned on to create colorful effects during the 
evening hours of operation (Winchip, 2011). 
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Lighting Calculations 
After the type of luminaires were chosen, the lighting design of the multipurpose space was 
completed using light power density (LPD) and foot-candles per room calculations. The LPD of 
a space is determined using Equation 11: 
 
11.  𝐿𝑃𝐷 =  
(# 𝑜𝑓 𝐹𝑖𝑥𝑡𝑢𝑟𝑒𝑠 𝑅𝑜𝑜𝑚⁄ ) (𝑊𝑎𝑡𝑡𝑎𝑔𝑒 𝐹𝑖𝑥𝑡𝑢𝑟𝑒)⁄
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑅𝑜𝑜𝑚
 
 
The LPD value provides the amount of watts used within a certain area. Maximum LPD values 
of the multipurpose space are in accordance with the provisions of the Illuminating Engineer 
Society of North America (IESNA). LPD may be calculated using the whole building method 
and the space-by-space method. The whole building method determines the maximum LPD 
value according to the use of the building as a whole. The space-by-space method considers each 
individual room of a building and its corresponding function. For example, more wattage for 
square feet would be allowed in a classroom, which is a room with light-intensive activities, than 
a locker room. The space-by-space method was chosen for this project because of its greater 
accuracy. Due to the LED lighting, the calculated LPD values were all well below the maximum 
value, proving them to be environmentally responsible. The total wattage due to lighting in the 
multipurpose space was equal to 8,105 watts throughout the entire 63,000 square feet. The foot-
candles per room was determined using Equation 12: 
 
12.  𝐹𝑜𝑜𝑡𝑐𝑎𝑛𝑑𝑙𝑒𝑠 =  
(
𝐿𝑢𝑚𝑒𝑛
𝐹𝑖𝑥𝑡𝑢𝑟𝑒) 𝑥 (
𝐹𝑖𝑥𝑡𝑢𝑟𝑒
𝑅𝑜𝑜𝑚 ) 
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑅𝑜𝑜𝑚
 
 
The foot-candles per room calculation was performed by dividing the amount of lumens 
produced by the array of lights in each room by its gross square feet. The value is then compared 
to the corresponding minimum foot-candles value specified by the IESNA. Similar to the LPD, 
the function of each room is taken into account when deciding the minimum lumen levels needed 
to illuminate it. Table 35 provides an abbreviation of the lighting calculations. Complete lighting 
design calculations for the multipurpose space can be found in Appendix F.  
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Table 35: Abridged Lighting Calculations 
Space Fixture 
Used 
Fixture 
Type 
Number of 
Fixtures 
Total 
Wattage 
Min Foot-
candles 
Actual 
Foot-
candles 
Bowling 
Alley 
Recessed 
LED 
Recessed 
Downlight 
40 1440 N/A N/A  
  Wall Wash 
LED 
Accent 16 960 20 -50 23.6 
Kitchen  Recessed 
LED 
Downlight 18 648 50-100 89.0 
Locker 
Rooms 
CR6 LED Downlight 27 324 10.0-20.0 13.8 
Classroom Recessed 
LED 
Downlight 12 432 50-100 107.2 
Office CR6 Downlight 5 60 10.0-20.0 15.5 
  Desk Light Task 1 17     
Conference CR6 Downlight 18 216 20-50 22.5 
Café / 
Viewing 
Section 
LED 
Pendant 
Decorative/ 
General 
8 64 20-50 20.6 
  CR6 General 28 336 N/A N/A  
  Wall 
Mounted 
LED 
General 22 1100 N/A N/A 
Bathroom CR6 General 6 72 10.0-20.0 16.8 
Utilities Recessed 
LED 
Recessed 
Downlight 
18 648 20.0-50.0 29.9 
Exit 
Stairwells 
Wall 
Mounted 
LED 
General 2 100 10.0-20.0 26.0 
Varsity 
Weight 
Room 
Wall 
Mounted 
LED 
General 18 900 20-50 20.8 
  CR6 General 36 432 N/A N/A  
Elevator  CR6 General 1 12 10.0-20.0 21.1 
Elevator 
Room 
Wall 
Mounted 
LED 
General 2 100 20-50 63.0 
Convenience 
Store 
CR6 General 12 144 20-50 15.3 
Corridors  Recessed 
LED 
General 160 5760 N/A 50.2 
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5.5 HVAC 
Natural heat gain during the summer is a concern for all buildings that utilize a large glass 
curtain wall area. Each space must maintain an occupant’s thermal comfort; therefore, cooling 
loads for each room and the corresponding required capacity of air conditioning for the 
multipurpose space were determined.  
 
5.5.1 Building Envelope 
Understanding the composition of a structure’s envelope and each material’s R-Value is critical 
to accurately determine a building’s cooling load (Figure 47).  
 
 
Figure 47: Wall Composition 
 
A brick façade was chosen due to its historical importance to the WPI Campus. The older 
buildings on campus utilize structural brick while newer buildings, such as the Sports and 
Recreation Center, use brick façade to maintain the traditional New England aesthetic. The wall 
composition used is mostly standard for exterior wall construction and is provided in Table 36. 
All R-Values were found from the ICC Default Heat Loss Coefficients Code Table A101.5 
(International Code Council, 2012).  
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Table 36: R-Values for Exterior Wall Materials 
Layer At Studs In Between 
Outside Air 0.25 0.25 
Face Brick 0.44 0.44 
Plywood 1.25 1.25 
R-38 / 2x 10 Studs 11.88 38 
Air Space 1 1 
Gypsum Wall 
Board 
0.45 
0.45 
Inside Air 0.68 0.68 
Total R-Value 15.95 42.07 
U-Factor 0.063 0.024 
Overall Average  
U-Factor 
0.027 
 
An important distinction is made between the wall section at the studs and the wall section 
between the studs. Insulation between the studs increases the overall thermal resistance of the 
wall; however, the studs themselves are cold-formed steel which is very conductive, as 
evidenced by their 11.88 R-Value. This conductivity makes insulation between the studs an 
absolute necessity. The sum of all R-Values of the wall materials were substituted into the 
denominator of Equation 13 to determine the corresponding U-factor:  
 
13.  𝑈 =  
1
𝑅𝑡𝑜𝑡𝑎𝑙
           
 
The smaller the U-factor is, the more thermally efficient the walls are. Equation 14 was used to 
determine an overall average U-factor of 0.027 which is a favorable value when compared to the 
maximum value of 0.060 (International Energy Conservation Code for Massachusetts’ Climate, 
2009): 
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14.  𝑈𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  
𝑈𝑎𝑡 𝑠𝑡𝑢𝑑𝑠(1.5) + 𝑈𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑡𝑢𝑑𝑠(14.5)
16" 
 
 
The average U-factor corresponds to studs placed 16 inches on center, which is fairly standard.  
The U-factor is critical to understanding the composition of the wall and is also used in air 
conditioning equations. The Cooling Load Temperature Difference (CLTD) is found based on 
the orientation of the wall, the location, and the summer temperature one is designing for. In the 
case of Worcester, the outside summer design temperature is 90oF (Pita, 2001). Equation 15 uses 
the average U-factor, net wall area, and CLTD to determine the heat gain in British thermal units 
per hour (BTU/h) in all of the rooms with external walls: 
 
15.  𝑄𝑤𝑎𝑙𝑙 = 𝑈 𝑥 𝐴 𝑥 𝐶𝐿𝑇𝐷 
 
All glass curtain walls were subtracted from the gross wall area in order to only calculate the 
heat gain for the “net wall area.” Information on the heat exchange through the curtain walls is 
discussed in the next section. The total heat gain through the exterior wall of the multipurpose 
space was 3,053 BTU/h. 
 
5.5.2 Glass Curtains Walls 
Due to the amount of glass curtain walls in the building envelope, a high quality product was 
needed. A section of glass curtain wall is shown in Figure 48. 
 
 
Figure 48: Glass Curtain Wall Example 
 
A lower cost glass curtain wall would have resulted in low insulating properties, causing 
significant heat gain in the summer months that could, in some cases, create discomfort for the 
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occupants. Because of this, the HP (High Performance) series from Wausau was chosen. This 
glass curtain wall includes a multi-level thermal barrier that results in a U-factor range of 0.18-
0.52 depending on the needs of the project. For the situation of the multipurpose space, a mid-
range U-factor value of 0.35 BTU/h x sqft oF was chosen. For glass, this is a very favorable U-
factor, as uninsulated glass can have a U-factor of up to about 1.00 BTU/h x sqft oF.  
  
While the U-factor concerns the overall insulating qualities of the glass curtain wall, it is not 
needed for the cooling calculations. For all glass curtain walls, the glass cooling load can be 
found using Equation 16, which multiplies the glass loading factor (GLF) by the area of the 
glass:  
 
16.  𝑄𝑐𝑢𝑟𝑡𝑎𝑖𝑛 𝑤𝑎𝑙𝑙 = 𝐺𝐿𝐹 𝑥 𝐴𝑔𝑙𝑎𝑠𝑠 
 
Similar to the CLTD, the GLF is determined according to the orientation of the building, as well 
as the makeup up of the glass. The glass curtain walls used were insulated double glass, with a 
total heat gain through the glass of 261,082 BTU/h. 
 
5.5.3 Cooling Load Calculations (Internal Heat Gain) 
The final heat gain calculation determined the internal heat gain in the multipurpose space from 
the maximum amount of people as well as each of the light fixtures. For people, Equation 17 was 
used, with the occupant load for each space being multiplied by a factor of 250. This factor 
isolates the sensible heat gain from each person, as latent heat gain is not needed. Similarly, the 
amount of watts of lighting for each room was determined using Equation 18, with the wattage 
being multiplied by a factor of 3.413 to convert them into BTU/h (Pita, 2001).  
 
17.  𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 𝐻𝑒𝑎𝑡 𝐺𝑎𝑖𝑛𝑝𝑒𝑜𝑝𝑙𝑒 = 𝑃𝑒𝑜𝑝𝑙𝑒 𝑥 250 
 
18.  𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 𝐻𝑒𝑎𝑡 𝐺𝑎𝑖𝑛𝑙𝑖𝑔ℎ𝑡𝑠 = 𝑊𝑎𝑡𝑡𝑎𝑔𝑒 𝑥 3.413 
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It was determined that the multipurpose space gained an additional 285,500 BTU/h from the 
people and 55,912 BTU/h from the lights. Abbreviated calculations are provided in Table 37 
while the full set can be found in Appendix F. 
 
Table 37: Abridged Air Conditioning Calculations 
Room S&T 
BTU/h 
Lighting 
Resulting 
BTU/h 
RmSens CFM Tons of Cooling 
Exit Stairwell 1 148.72 341.3 490.02 24.75 0.041 
Exit Stairwell 2 148.72 341.3 490.02 24.75 0.041 
Exit Stairwell 3 148.72 341.3 490.02 24.75 0.041 
Exit Stairwell 4 148.72 341.3 490.02 24.75 0.041 
Female Locker Room 783.93 1105.812 1889.742 95.44 0.157 
Male Locker Room 783.93 1105.812 1889.742 95.44 0.157 
Varsity Weight Room 39153.66 4887.416 44041.08 2224.30 3.670 
Classroom 1 7936.66 1474.416 9411.076 475.31 0.784 
Classroom 2 8235.31 1474.416 9709.726 490.39 0.809 
Café /Viewing Section 29215.31 5119.5 34334.81 1734.08 2.861 
Office 1 3818.98 262.801 4081.781 206.15 0.340 
Office 9 18739.4 262.801 19002.2 959.71 1.584 
Office 10 14650.1 262.801 14912.9 753.18 1.243 
Conference 1 8302.34 737.208 9039.548 456.54 0.753 
Break Room 19908.04 737.208 20645.25 1042.69 1.720 
Male Rest Room 104.1 245.736 349.836 17.67 0.029 
Female Rest Room 111.54 245.736 357.276 18.04 0.030 
North Corridors 1403.42 19658.88  
(for all corridors 
combined) 
  
131443.6 
(for all 
corridors 
combined) 
6638.56 
(for all 
corridors 
combined) 
10.954 
East Corridors 14433.32 0 
West Corridors 89124.11 0 
South Corridors 6823.84 0 
Rest of Interior Lighting N/A 16966.02 16966.02 856.87 1.41 
People Internal Load N/A N/A  285500.00 14419.20 23.79 
Total  607,534 N/A 605,534.64 30,582.56 50.46 
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5.5.4 Air Conditioning System Design 
The multipurpose space will experience a heat gain of 605,534 BTU/h when taking into account 
the exterior walls, windows, and internal heat gains. This value and the heat gain in each 
individual room was used to find the flowrate in cubic foot per meter (CFM) of air needed to 
cool each room along with the required tons of cooling (converted from the BTU/h found). The 
latter value shows the required capacity the air-conditioner must be able to withstand. Equations 
19 and 20 were used to find these values: 
 
19.  𝐶𝐹𝑀 =
𝐵𝑇𝑈/ℎ
1.1 (∆𝑇)
 
 
20.  𝑇𝑜𝑛𝑠𝑅𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐵𝑇𝑈/ℎ
12,000
 
 
Note: In the above equation, change in temperature (∆𝑇) was based on values in Air 
Conditioning Principles, where average inside temperature is 75oF and average outside summer 
temperature in Worcester, Massachusetts is 85oF (Pita, 2001). 
 
The total required flowrate for the multipurpose space was 30,583 CFM, while the total required 
tons of cooling was 50.5 tons. The largest cooling load was in the varsity weight room, which 
was expected due to its large occupancy load, large glass curtain wall area, and increased 
sensible heat produced through occupants’ strenuous physical activity. For a cooling capacity of 
this size, a ducted air conditioning system was needed. These units were chosen to be housed in 
the utilities room, where the exhaust air can be pumped out the bottom of the multipurpose space 
and the cool air can be pumped through the ductwork and into the spaces.  
 
The Mitsubishi Electric Ducted “PEA-RP250WHA” air conditioning system was chosen due to 
its high output of 6 tons of cooling. Because 50.5 tons of cooling was required, 9 models were 
used. The air conditioning systems’ small size of about seven square feet per unit allows for 
other equipment such as electrical, telecommunications, and boilers to have plenty of space in 
the utilities room.   
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Due to the various sizes of the rooms, variable air volume units (VAVs) will be utilized 
throughout the multipurpose space’s ductwork. These units fix the amount of CFM’s of air in 
each space they are placed. A VariTrane single duct VAV unit was chosen, which provides up to 
8,000 CFM per unit. The highest CFM needed for one single space is 2,200 CFM for the weight 
room, making these units more than sufficient for the multipurpose space. One of these units was 
placed per space except for the corridors, which have four units equally spaced throughout. 
Additionally, it is important to note that products of similar specifications are allowable.  
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6. Site Grading and Drainage 
Site grading and drainage solutions are necessary to prevent flooding of the proposed multi-use 
structure and surrounding areas. A drainage analysis was conducted to replicate the grading and 
drainage plan for the existing Park Avenue Garage, which was prepared by Symmes Maini & 
McKee Associates (SMMA). The existing surface contours were traced into a designated contour 
layer, and any existing contours that were not in the plan were imported from the Worcester 
North quadrangle sheet shown in Figure 49 (United States Geological Survey [USGS], 2016).    
 
 
Figure 49: USGS Site Drainage Plan 
                              From USGS, 2015, Worcester North 
 
The contour lines of both plans were aligned to create a new composite surface, which was 
analyzed in AutoCAD Civil 3D to determine water runoff of the site All runoff from the north 
side of Park Avenue was assumed to be accounted for by the existing drainage features on Park 
Avenue. The approximate drainage area is 16 acres, which accounts for approximately 700,000 
square feet.   
 
According to the Massachusetts Department of Environmental Protection Division of Watershed 
Management (MassDEP) Hydrology Handbook, a 25-year design storm or greater is required for 
the site (MassDEP, 2002). Drainage considerations for a 50-year and a 100-year design storm 
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were explored using values from the MassDEP Hydrology Handbook (MassDEP, 2002), and the 
results are provided in Table 38.  
 
Table 38: 2-Hour Duration 50-Year & 100-Year Design Storms 
 Duration  Rainfall Per 
Hour 
Rate of Rainfall Total Rainfall 
Volume  
50-Year Design 
Storm 
2 hours 1.5” 2.56 ft3/s 18,432 ft3 
100-Year Design 
Storm 
2 hours 2.2” 3.75 ft3/s 27,000 ft3 
 
Because the largest portion of rainfall comes from the roof of the garage, storm drains were 
strategically placed near the roof drains so that the water does not have to travel a considerable 
distance before entering the storm water system (Appendix G). The existing drainage system that 
features StormTech Chambers is capable of holding 52,700 cubic feet of water at one time. The 
existing drainage system is nearly capable of withstanding a 4-hour duration 100-year design 
storm and a 6-hour duration 50-year design storm. The StormTech chambers feature a controlled 
release to the City of Worcester municipal storm water system; therefore, flooding will not occur 
unless long-duration storms at or above 50-year design storm levels occur. Because of the 
significant capacity of the existing drainage system, minimal additional drainage features are 
required for the proposed multi-use structure. The layout of the existing drainage system 
including the StormTech chambers are shown in Figure 50.  
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Figure 50: Existing Drainage System 
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7. Cost Estimation  
Using the RSMeans Building Construction Cost Data, 73rd Edition, a thorough cost estimation of 
the proposed redesign and expansion was completed (RSMeans, 2015). The following sections 
provide an itemization of the cost for each design aspect of the proposed multi-use structure: 
structural framing and foundations; parking geometrics and access ramp system; multipurpose 
academic, athletic, and recreational space; and site grading and drainage.  
 
7.1 Structural Framing and Foundations Cost 
Because each of the three structural designs provide varying vibration control, structural member 
sizes and their accompanying costs vary. The RSMeans unit of measurement for each structural 
component was multiplied by the appropriate value for total cost including overhead and profit to 
calculate the total cost of each component type in the multi-use structure (RSMeans, 2015). LF 
denotes “linear feet”, EA denotes “each,” CY denotes “cubic yards,” and SF denotes “square 
feet” (RSMeans, 2015). Tables 39 and 40 summarize the cost of the 2nd level structural framing 
for all designs. Tables 41 through 44 summarize the cost of the 3rd level structural framing of 
each of the three structural designs. Table 45 compares the total cost of the structural framing for 
the three structural designs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
83 
 
Table 39: 2nd Level All Designs Structural Framing Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
W33x141 LF 3990 $234.00 $933,660 
W24x68 (Coped 
Top Flange) 
LF 30268 $117.00 $3,541,356 
L4x3½x⅜ LF 940 $5.05 $4,747 
L4x3½x¼ LF 2523 $5.05 $12,742  
Welded ¾” Shear 
Connectors  
EA 21762 $2.65 $57,670 
A325-X Bolt 
(Drilled, Installed) 
EA 17600 $11.45 $201,520 
Elevated Concrete 
Slab (5% Steel) 
CY 2350 $197.50 $464,125  
   Total Cost $5,215,820 
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Table 40: 2nd Level All Designs Café Overhang Structural Framing Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
W33x141 LF 768 $234.00 $179,712 
W24x68 (Coped 
Top Flange) 
LF 716 $117.00 $83,772 
L4x3½x⅜ LF 16 $5.05 $81 
L4x3½x¼ LF 92 $5.05 $465 
Welded ¾” Shear 
Connectors  
EA 1236 $2.65 $3,276  
A325-X Bolt 
(Drilled, Installed) 
EA 672 $11.45 $7,695  
Elevated Concrete 
Slab (5% Steel) 
CY 50 $197.50 $9,875  
   Total Cost $284,876 
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Table 41: 3rd Level Zero Vibration Control Design Structural Framing Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
W33x130  LF 3990 $216.00 $861,840 
W24x62 (Coped 
Top Flange) 
LF 30268 $108.00 $3,268,944  
Column, 
Structural 
W12x87  
LF 3514 $146.00 $513,044 
L4x3½x⅜ LF 820 $5.05 $4,141 
L4x3½x¼ LF 2523 $5.05 $12,742 
Welded ¾” Shear 
Connectors  
EA 20056 $2.65 $53,149 
A325-X Bolt 
(Drilled, Installed) 
EA 16880 $11.45 $193,276  
Elevated Concrete 
Slab (5% Steel) 
CY 2350 $197.50 $464,125 
   Total Cost $5,371,261 
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Table 42: 3rd Level Moderate Vibration Control Design Structural Framing Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
W36x330 LF 3990 $495.00 $1,975,050  
W36x150 (Coped 
Top and Bottom 
Flange) 
LF 30268 $248.00 $7,506,464  
Column, 
Structural 
W12x94  
LF 3514 $199.00 $699,286 
L4x3½x⅜ LF 940 $5.05 $4,747 
L4x3½x¼ LF 3839 $5.05 $19,386 
Welded ¾” Shear 
Connectors  
EA 20056 $2.65 $53,148 
A325-X Bolt 
(Drilled, Installed) 
EA 16880 $8.30 $140,104 
Elevated Concrete 
Slab (5% Steel) 
CY 3500 $197.50 $691,250 
   Total Cost $11,089,435  
  
 
 
 
 
 
 
 
 
 
 
 
87 
 
Table 43: 3rd Level Full Vibration Control Design Structural Framing Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
W36x652 LF 3990 $594.00 $2,370,060  
W36x182 (Coped 
Top and Bottom 
Flange) 
LF 30268 $281.00 $8,505,308  
Column, 
Structural 
W14x99  
LF 3514 $199.00 $699,286 
L4x3½x⅜ LF 940 $5.05 $4,747 
L4x3½x¼ LF 3839 $5.05 $19,386 
Welded ¾” Shear 
Connectors  
EA 71208 $2.65 $188,701 
A325-X Bolt 
(Drilled, Installed) 
EA 16880 $11.45 $193,276  
Elevated Concrete 
Slab (5% Steel) 
CY 3500 $197.50 $691,250 
   Total Cost $12,672,014 
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Table 44: Foundations All Designs Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Spread Footing 
16' sq. Load 
<1400K x 47" 
Deep 
EA 64 $10,125 $648,000 
Pressure Injected 
Footings, 400K, 4 
Pile Cluster 
EA 56 $11,900 $666,400 
Pile Cap, 
Concrete, 4 Piles, 
120 ton Ea. 
EA 56 $2,100 $117,600 
   Total Cost $1,432,000 
 
 
Table 45: Structural Design Cost Comparison 
 Zero Vibration 
Control 
Moderate Vibration 
Control  
Full Vibration 
Control  
Total Cost  $12,303,957 $18,022,131 $19,604,710 
Percent of Total Cost 
of Multi-Use 
Structure 
42% 62% 67% 
 
The structural framing and foundations for all three structural designs accounts for most of the 
total cost of the entire multi-use structure. Although the zero vibration control design provides 
significant savings in the cost of structural framing due to its smaller members, the savings are at 
the expense of performance. The zero vibration control design is structurally safe, but fails to 
limit significant vibrations on the rooftop athletic fields. The moderate vibration control design 
prevents vibrations for the first and second harmonic, but not the third harmonic, for a savings of 
approximately $1.5 million compared to the full vibration control design. The full vibration 
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control design prevents vibrations for the first, second, and third harmonic, but is the most 
expensive design. 
 
7.2 Parking Geometrics and Access Ramp System Cost 
The RSMeans unit of measurement for each parking component was multiplied by the 
appropriate value for total cost including overhead and profit to calculate the total cost of each 
component type in the multi-use structure (RSMeans, 2015). The total cost of the parking 
geometrics design, including the access ramp system, is $1,265,151, a worthy investment due to 
the limited parking currently available on the WPI campus. Tables 46 and 47 summarize the cost 
of the parking geometrics and access ramp system, respectively.  
 
Table 46: Parking Geometrics Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
45 Degree 
Parking, 3" 
Bituminous 
Paving, 6" base 
Stall 825 $1300.00 $1,072,500 
Layout of Paving 
Marking 
Stall 825 $0.07 $58 
Lines on 
Pavement, 4" 
Wide 
Stall 825 $8.60 $7,095  
Precast Parking 
Bumpers 
Stall 825 $63.00 $51,975 
CIP Concrete 
Curbs (Forms and 
Concrete-
Complete) 
LF 1800 $13.05 $23,490  
   Total Cost $1,155,118 
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Table 47: Access Ramp System Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
W21x44 LF 340 $79.00 $26,860 
W12x19 (Coped 
Top Flange) 
LF 864 $43.00 $37,152 
W8x31 LF 88 $55.50 $4,884 
L7x4x3/8 LF 68 $6.25 $425 
L4x31/2x1/4 LF 52 $6.25 $325 
Elevated Concrete 
Slab (5% Steel) 
CY 154 $197.50 $30,415  
Welded ¾” Shear 
Connectors  
EA 496 $2.65 $1,315 
A325-X Bolt 
(Drilled, Installed) 
EA 756 $11.45 $8,657 
   Total Cost $110,033 
 
 
7.3 Multipurpose Academic, Athletic, and Recreational Space Cost 
The RSMeans unit of measurement for each architectural component was multiplied by the 
appropriate value for total cost including overhead and profit to calculate the total cost of each 
component type in the multi-use structure (RSMeans, 2015). Components include but are not 
limited to walls, furniture, lighting, flooring, and ceilings. The total cost of the multipurpose 
space is $8,198,695, which includes $3,160,768 for the rooftop athletic fields. Tables 48 through 
60 summarize the cost of various components of the multipurpose space.  
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Table 48: General Features Cost 
Component 
 
 
Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Doors and Walls  
Wood Panel Doors EA 60 $249.00 $14,940 
Total Building Interior 
Wall 
SF 39572 $13.20 $522,351 
Glass Curtain Walls SF Wall 11981 $90.50 $1,084,281 
Exterior Wall SF Wall 7860 $50.00 $393,000 
Hallways/Corridors  
Carpet SF 12438 $5.00 $62,190 
2x2 ACT Ceiling SF Floor 12438 $2.28 $28,359 
Recessed Troffers EA 138 $179.00 $24,702 
Exit Stairwells  
Precast Stairwell LF 500 $47.50 $23,750 
Handrails LF 500 $42.00 $21,000 
Exit Signs EA 30 $183.00 $5,490 
Elevator   
Elevator System EA 2 $191,600.00 $383,200 
   Total Cost $2,563,263 
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Table 49: Rooftop Athletic Fields Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Athletic Facility  
Athletic Turf SF 167680 $18.85 $3,160,768 
3rd Level Perimeter 
Parapet and Netting 
LF 1800 $39.50 $71,100 
   Total Cost $3,231,868 
 
 
 
Table 50: Bowling Alley Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furniture/Accessories  
Bowling Lane with 
Equipment 
EA  6 $74,000.00 $444,000 
Bar with Seating LF 28 $425.00 $11,900 
Couches EA 3 $320.00 $960 
Reception Desk EA  1 $1,499.00 $1,499 
Lighting  
Lighting & Branch 
Wiring 
SF Floor 8400 $11.12 $93,408 
Flooring/Ceiling  
2x2 ACT Ceiling SF Floor 8400 $2.28 $19,152 
   Total Cost $570,919 
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Table 51: Classroom Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Student Desks EA 128 $102.35 $13,101 
Teacher Podium EA 4 $188.88 $756 
Projector Screen EA 4 $109.99 $440 
Projector EA 4 $360.99 $1,444 
Flooring/Ceiling  
Vinyl Tile Flooring SF 5400 $7.20 $38,880 
2x2 ACT Ceiling SF Floor 5400 $2.28 $12,312 
Lighting  
Recessed Troffers EA 48 $179.00 $8,592 
   Total Cost $75,525 
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Table 52: Locker Room Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Lockers EA 270 $370.00 $99,900 
Benches LF 192 $34.00 $6,528 
Showers EA 4 $7,475.00 $29,900 
Bathrooms Stalls EA 3 $815.00 $2,445 
Bathroom Stalls 
(Handicap) 
EA 1 $1,155.00 $1,155 
Curtains EA 8 $13.59 $109 
Flooring/Ceiling  
Vinyl Tile Flooring SF 9672 $7.20 $69,639 
2x2 ACT Ceiling SF Floor 9672 $2.28 $22,053 
Lighting  
6" Downlights EA 54 $445.00 $24,030 
   Total Cost $255,759 
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Table 53: Office Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Desk EA 10 $439.00 $4,390 
Flooring/Ceiling  
Carpet SF 3600 $5.00 $18,000 
2x2 ACT Ceiling SF Floor 3600 $2.28 $8,208 
Lighting  
Desk Lamp EA 10 $109.00 $1,090 
6" Downlights EA 50 $445.00 $22,250 
   Total Cost $53,938 
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Table 54: Conference Room Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Conference Table EA 2 $427.04 $855 
Projector Screen EA 2 $109.99 $220 
Projector EA 2 $360.99 $722 
Office Chair EA 20 $119.80 $2,396 
Flooring/Ceiling  
Carpet SF 1360 $5.00 $6,800 
2x2 ACT Ceiling SF Floor 1360 $2.28 $3,101 
Lighting  
6" Downlights EA 30 $445.00 $13,350 
   Total Cost $27,444 
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Table 55: Café Viewing Section Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Café Bar EA  5 $1,949.00 $9,745 
Booth Units LF 11 $300.00 $3,300 
High Top Chairs EA 40 $56.99 $2,280 
High Top Tables EA 10 $85.67 $857 
Theater Seating EA 64 $320.00 $20,480 
Flooring/Ceiling  
Hardwood Floor SF 6800 $8.85 $60,180 
2x2 ACT Ceiling SF Floor 6800 $2.28 $15,504 
Lighting  
6" Downlights EA 28 $445.00 $12,460 
Pendants EA 8 $400.00 $3,200 
   Total Cost $128,006 
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Table 56: Kitchen Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Freezers EA 3 $5,175.00 $15,525 
Dishwashers EA 3 $4,275.00 $12,825 
Tables EA 4 $165.95 $664 
Stove/Oven Units EA 5 $2,925.00 $14,625 
Flooring/Ceiling  
2x2 ACT Ceiling SF Floor 2370 $2.28 $5,404 
Vinyl Tile Flooring SF 2370 $7.20 $17,064 
Lighting  
Recessed Troffers EA 18 $179.00 $3,222 
   Total Cost $69,329 
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Table 57: Utilities Room Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Flooring/Ceiling   
2x2 ACT Ceiling SF Floor 2370 $2.28 $5,404 
Vinyl Tile Flooring SF 2370 $7.20 $17,064 
Lighting  
Recessed Troffers EA 18 $179.00 $3,222 
HVAC  
Terminal and Package 
Units (Includes HVAC 
for Entire Multipurpose 
Space) 
SF Floor 63000 $15.35 $967,051 
   Total Cost $992,741 
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Table 58: Weight Room Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Workout Benches EA 5 $175.00 $875 
Squat Racks EA 6 $495.00 $2,970 
Workout Platforms EA 4 $255.00 $1,020 
Dumbbell Setups EA 4 $838.00 $3,352 
Mirrors SF 100 $17.05 $1,705 
Flooring/Ceiling  
Rubber Flooring SF 6048 $19.30 $116,727 
2x2 ACT Ceiling SF Floor 6048 $2.28 $13,790 
Lighting  
Wall Mounted LED Tube EA 18 $485.00 $8,730 
6" Downlights EA 36 $445.00 $16,020 
   Total Cost $165,189 
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Table 59: Convenience Store Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Checkout Counter EA 1 $3,600.00 $3,600 
Shelving SF Shelf 40 $11.10 $444 
Flooring/Ceiling  
2x2 ACT Ceiling SF Floor 656 $2.28 $1,496 
Vinyl Tile Flooring SF 656 $7.20 $4,724 
Lighting  
6" Downlights EA 10 $445.00 $4,450 
   Total Cost $14,714 
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Table 60: Restroom Cost 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Furnishings/Accessories  
Bathrooms Stalls EA 8 $815.00 $6,520 
Bathroom Stalls 
(Handicap) 
EA 4 $1,155.00 $4,620 
Bathrooms Sinks EA 8 $545.00 $4,360 
Hand Dryers EA 8 $1,275.00 $10,200 
Soap Dispensers EA 8 $80.00 $640 
Bathroom Counters LF 4 $60.00 $240 
Mirrors SF 80 $17.05 $1,364 
Flooring/Ceiling  
Vinyl Tile Flooring SF 1200 $7.20 $8,640 
2x2 ACT Ceiling SF Floor 1200 $2.28 $2,736 
Lighting  
6" Downlights EA 24 $445.00 $10,680 
   Total Cost $50,000 
 
 
7.4 Site Grading and Drainage Cost 
The RSMeans unit of measurement for each grading and drainage component was multiplied by 
the appropriate value for total cost including overhead and profit to calculate the total cost of 
each component type in the multi-use structure (RSMeans, 2015). The total cost to grade the site 
and install new drainage piping is $93,570. Table 61 summarizes the cost of site work for the 
multi-use structure.  
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Table 61: Summary of Cost of Site 
Component Unit of 
Measurement 
Number of 
Components 
Cost Per 
Component 
Including O&P  
Total Cost of 
Component 
Site Grading  EA 1 $6,250.00 $6,250 
Binder Course, 
2” Thick 
Pavement  
SY 413 $9.20 $3,800 
Galvanized, 
Uncoated, 20’ 
Length, 24” 
Diameter, 14 
Gauge Drainage 
Pipe 
LF 2088 $40.00 $83,520 
Total Cost $93,570 
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8. Conclusions 
After thorough review of the three proposed structural designs, the full vibration control design 
provides the best overall value and was chosen as the optimal structural frame design. The cost 
of the existing Park Avenue Garage Field was approximately $20 million (Worcester Business 
Journal, 2012); the total cost of the proposed multi-use structure was estimated to be $29.2 
million. The cost of each design aspect of the proposed multi-use structure and its corresponding 
contribution to the total cost of the overall design are provided in Table 62. 
 
Table 62: Proposed Multi-Use Structure Cost Summary 
Design Aspect Cost  Percent of Total Cost of 
Multi-Use Structure  
Structural Framing and 
Foundations 
$19,604,710 67% 
Parking Geometrics and 
Access Ramp System 
$1,265,151 4% 
Multipurpose Academic, 
Athletic, and Recreational 
Space 
$8,198,695 28% 
Site Grading and Drainage $93,570 <1% 
Overall Design $29,162,126 100% 
 
Although the cost of the proposed multi-use structure exceeds that of the existing Park Avenue 
Garage Field, the additional $9.2 million cost is accompanied by numerous additional features 
and benefits such as: rooftop athletic fields with full vibration control performance; 291 
additional parking stalls (825 total, a 54 percent increase); and multipurpose academic, athletic, 
and recreational space including a café, classrooms, offices, locker rooms, weight room, and 
bowling alley. WPI’s expansion is restricted due to land constraints; therefore, the new amenities 
are value-added features since they do not use any additional land and provide flexibility for 
future use. Despite these additional features, the proposed multi-use structure has a cost per 
parking stall of $35,349, which is less than the existing Park Avenue Garage Field’s cost per 
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parking stall of $37,736. An exterior rendering of the proposed multi-use structure is shown in 
Figure 51. 
 
 
Figure 51: Proposed Multi-Use Structure Exterior Rendering 
 
Because the total cost of the proposed multi-use structure using the full vibration control design 
structural frame is only 5 percent more than that of the moderate vibration control design, the 
additional cost to prevent vibrations from all three harmonics is acceptable. Since the only 
concrete components of the structural design are the slabs, the structural frame may be erected 
rapidly and the proposed multi-use structure may be completed within the time constraints 
caused by the volatile New England weather.  
 
By reconfiguring the parking geometrics of the Park Avenue Garage Field and adding a second 
level of parking, the proposed multi-use structure increases the number of parking stalls from 
530 to 825. Changes to the parking geometrics that allow such a large increase include: a 
decrease of lane width; implementation of angled parking with one-way directional flow; and 
separation of visitor and employee parking though the creation of protected, second-level 
parking for employees only. The final parking geometrics design results in an improved garage 
that is both functional and serviceable for entering, parking, and exiting.  
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The main design considerations of the multipurpose space were safety, sustainability, and WPI’s 
need for innovative solutions to address space limitations. The multipurpose space 
accommodates various uses, such as academic, athletic, and recreational, and has the flexibility 
to adapt should new needs arise. In addition, the multipurpose space, parking garage, and rooftop 
athletic fields essentially represent three distinct entities that normally would be unable to coexist 
if not for the vertical construction.  
 
To ensure safety, the egress capacity of the multipurpose space was overdesigned. The egress 
capacity, including the stairs and exit doors leading to the parking garage, is 1545, exceeding the 
occupant load of 1142, and having a maximum distance of travel 80 feet below the limit.  
 
Sustainability was achieved by using energy efficient lighting and HVAC systems. The entire 
energy consumption of the multipurpose space due to lighting is 8,105 watts, which corresponds 
to a LPD of 4.4, well below the allowed maximum LPD of 16.7. Although the LED luminaires 
required to achieve such levels have very high initial costs, they greatly reduce the power usage 
and required maintenance of the lighting fixtures. A glass curtain wall was used to cover 39 
percent of the multipurpose space’s exterior wall, allowing natural heating from sunlight during 
the winter. To address heat gain during the summer, a ducted, centralized air conditioning system 
was selected. The air conditioning system provides a total of 54 tons of cooling, which is greater 
than the required 50.5 tons and satisfies the required flowrate of 30,583 CFM.  
 
Because the site of the proposed multi-use structure is the same as the existing Park Avenue 
Garage Field, existing grades were maintained. Existing storm water systems of the Park Avenue 
Garage Field were determined to be adequate to mitigate any flooding concerns for the new 
multi-use structure.  
 
Each design aspect influenced other design aspects as well as the overall design of the proposed 
multi-use structure; therefore, this project provided valuable practice for collaborating across 
multiple sub-disciplines within civil engineering and architectural engineering to formulate a 
coherent design for a multi-use structure. This project also provided experience designing 
structures that adhere to the Massachusetts State Building Code, as well as other regulatory 
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standards, specifications, and guidelines set forth by the ASCE, AISC, ACI, LEED, NIBS, and 
NFPA, such as ASCE 7, NIBS WBD, and NFPA 101.  
 
Potential areas for future work include detailed vibration testing of the rooftop athletic fields of 
the existing Park Avenue Garage Field and a construction feasibility analysis for the proposed 
multi-use structure. By determining actual natural frequencies and accelerations of the Park 
Avenue Garage Field’s floor systems, a baseline of vibration performance may be established for 
comparison to the proposed multi-use structure. A 4D or 5D model of the proposed multi-use 
structure and a detailed construction schedule may also be created to provide insight into the 
potential construction of the proposed multi-use structure.  
 
The proposed multi-use structure provides the WPI campus with many amenities compacted into 
a relatively small footprint. Needed additional parking and classroom space is achieved, as well 
as other less necessary but value-added features, such as the café, weight room, and bowling 
alley. The flexibility and novelty of the structure also achieves WPI’s goal of being a leader in 
innovation in building design and usage.  
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1. Introduction 
When space is a constraining factor for a project, today’s structural advancements suggest that 
the solution is to build vertically. Rooftop athletic fields allow for athletic facilities and parking, 
office, or other use spaces to be situated vertically on top of one another in a confined space. Due 
to its structural complexities, a rooftop field is a fairly new idea; however, there are still several 
examples that utilize this concept around the country. At the Northwest School in Seattle, 
Washington, a gymnasium, theater, and dining rooms are all located between ground level 
parking and the rooftop athletic field. According to Head of School Mike McGil, the concept for 
such a structure comes from the desire for a “beautiful building that supports our 
interdisciplinary program” and also “operates sustainably in a tight urban environment” 
(Liebeskind, 2014). In an extreme example of vertical design, designers in Shanghai, China were 
tasked with creating a building that contained all of the amenities of an entire city in an 
extremely limited space. The Shanghai Tower, one of the tallest buildings in the world, was built 
to solve this problem and fit living, dining, commercial, and healthcare facilities leaving 
inhabitants with virtually no reason to have to leave to the tower (Xu-jun, 2012).  
 
WPI, with an undergraduate and graduate student population of 6057 and growing on only 95 
acres of campus, similarly needed multiple features in a small amount of space (WPI 
Admissions, 2015). Due to the ever-growing nature of the institution, additional parking was 
needed. Also, the amount of varsity, club, and intramural sports teams created an overcrowded 
schedule for Alumni Field, the only on-campus facility for outdoor sporting events. To satisfy 
the institution’s growing needs, the Park Avenue Garage Field was constructed on the WPI 
campus. Like similar structures mentioned before, the Park Avenue Garage incorporates a 
parking garage with a multi-use sports field to optimize land usage. 
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Rooftop athletic fields often experience a unique loading pattern that cannot be reflected using 
traditional, idealized methods; therefore, the dynamic loads caused by rhythmic, athletic 
activities often results in significant vibrations. This is because structures are usually designed 
primarily with gravity and lateral loads as the main design considerations. As a result, vibrations 
are often not considered a governing design factor. Vibrations are typically considered a subset 
of serviceability, or an acceptable tolerance for comfort. Because most structures, such as office 
and residential spaces, have relatively consistent live loads, simple deflection limits are usually 
used to prevent vibrations; however, these simplified limits are inadequate when accounting for 
more complex, variable dynamic loads, such as those experienced on the multi-use sports field 
on the WPI Garage Field. Using the WPI Garage Field as an example, this project will present a 
theoretical redesign incorporating vibrations as one of the governing design considerations. The 
goal of this project is to produce a functional design to limit the vibrations in a structure caused 
by variable dynamic loads. 
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2. Background 
In structural design many factors play a critical role and must be considered. These 
considerations can include strength requirements, loadings, material properties, code 
requirements, the intended use of a structure, site restrictions, as well as specific factors like 
vibrations. For the purpose of this project, specific design considerations have been selected with 
an increased focus on vibrations. These topics will help introduce all assumptions and necessary 
relevant topics to understand the methods used to accomplish the goal of this project. 
2.1 Structural Design 
Structural design is defined as methodical investigation of the stability, strength and rigidity 
of structures, with the basic objective to produce a structure capable of resisting all applied loads 
without failure during its intended life (FAO, 2011). This method of design can be applied to 
many structures. For buildings, or in this case a parking garage, the major portion of structural 
design revolves around the design of the structural framing. The structural framing transfers the 
applied loads to the foundation where they are dispersed into the soil. When designing a 
structure, it is important to understand all of the design considerations that must be accounted 
for. These considerations can be related to various resistances to stresses such as shear, moment, 
vibrations, and applicable loads.  
 
2.1.1Loads 
When considering a design of the structure, the loading must be known or estimated along with 
other factors such as vibrations. The design load must include an accurate estimation of every 
load that the structure will encounter throughout its service life (McCormac, 2012).  If a loading 
is not explicitly stated or known, it is typically estimated based off of the intended use for the 
structure. Knowing the design loads for the structure is paramount to the final design because the 
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type and size of the structural member is largely dependent on it. Many different methods of 
structural design exist and can be utilized but will be discussed later. 
 
There are two basic types of loads, dead loads and live loads. One definition of dead loads by 
The ASCE is “the weight of all materials of construction incorporated into the building including 
but not limited to walls, floors, roofs, ceilings, stairways, built-in partitions, finishes, cladding 
and other similarly incorporated architectural and structural items, and fixed service equipment 
including the weight of cranes” ( ASCE 7: Minimum Design loads for Building and Other 
Structures, pg 7).  This means dead loads include the self-weight of a structure and the 
permanent equipment attached to the structure. The self-weight of a structure includes the weight 
of all of its components. This is true for all structural components, but also all non-structural 
components as well, such as lighting and MEP fixtures. Typically the vast majority of the dead 
load will be the self-weight of the structural members. 
 
Live loads are those loads produced by the use and occupancy of the building or other structure 
(ASCE, 2010). A common type of live load is a moving load. Moving loads are loads that move 
on their own power, such as trucks, people, and cranes. Conversely to moving loads, movable 
loads are loads that can be moved such as furniture and warehouse materials (McCormac, 2012). 
Other common loads include environmental loads, which are loads that act on a structure due to 
the environment it is located in. Examples of environmental loads are wind, snow, rain, and 
seismic, which are not considered as live loads (ASCE, 2010).  
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Live loads do not always accurately represent the force produced by moving forces. Dynamic 
loads are erratic and irregular loads that are much more unpredictable than distributed and point 
loads due to their variable force output and location. Dynamic loads include periodic loads, 
which are caused by rhythmic activities such as dancing and aerobics; transient loads, which are 
caused by movement activities such as walking and running; and impulsive loads, which are 
caused by sudden, impact activities such as single jumps and heel-drop impacts. Each of the 
aforementioned loads can cause displacement and accompanying vibration in a structure, which 
leads to suboptimal serviceability (Murray et al., 2003). 
 
2.2 Vibrations 
Vibration in a structure is the vertical oscillation of structural components due to deflection of 
members caused by applied loads. Although live load deflection limits are often used in an 
attempt to prevent excessive vibrations in structures, these limits often fail to address vibrations 
that are induced by dynamic loads (Murray, Allen, & Ungar, 2003). Vibration that exceeds 
tolerable limits can cause people to experience severe discomfort. Figure 1 from the International 
Standards Organization show the peak acceleration limit for people in different settings (Murray 
et al., 2003): 
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Figure 1: Recommended Maximum Acceleration Limits for Human Activities 
Source: Adapted from AISC Steel Design Guide Series 11 Floor Vibrations Due to Human 
Activity (p. 7) by Murray et al.  
 
2.2.1 Resonance 
When a structure experiences sudden, quickly released displacement, free vibration will occur at 
the natural frequency of the structure. When the forcing frequency of an applied dynamic load is 
equivalent to or nearly equivalent to the natural frequency of a structure, resonance will occur 
due to superposition and result in significant amplitudes of motion and accompanying vibrational 
discomfort for occupants. Although substantial acceleration of a structure can occur due to 
resonance when the ratio of natural frequency of a structure to the forcing frequency of a 
dynamic load is nearly equivalent or equivalent to one, increasing the natural frequency increases 
the ratio and results in much smaller vibrational effects (Figure 2). Viscous damping is a force 
proportional to velocity that acts to diminish vibrations in a structure by reducing the mechanical 
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energy of the vibrations. Critical damping refers to the least amount of damping that allows a 
displaced and released system to return to rest at equilibrium without oscillating. Although 
optimizing the damping in a structure to exceed the critical damping or increasing the mass of 
the structure can usually prevent uncomfortable vibrations, these methods are usually ineffective 
at decreasing vibrations when large dynamic loads are involved; therefore, to prevent a structure 
subjected to large dynamic loads from experiencing resonance and the accompanying vibrational 
response, a structure must be designed to have a greater natural frequency than the forcing 
frequency of the dynamic loads (Murray et al., 2003).  
 
 
Figure 2: Natural/Forcing Frequency Relationship 
Source: Adapted from AISC Steel Design Guide Series 11 Floor Vibrations Due to Human 
Activity (p. 3) by Murray et al.  
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2.2.2 Modal Analysis 
To determine the natural frequency of a structure, modal analysis may be performed. Modal 
analysis determines the mode shapes of different natural frequencies, which describe the pattern 
of movement in a system due to vibration. The natural frequency of a member is determined by 
its various sectional properties such as its elastic modulus and transformed moment of inertia; 
therefore, different members in a structure will have different natural frequencies and 
accompanying mode shapes. By determining the mode shape of each member of a structure, a 
composite mode shape that describes how the structure as a whole responds to multiple forces 
may be created by determining mass participation factors and superimposing each factored mode 
shape on top of one another (Figure 3). The mode shape of a floor system can be divided into 
multiple panels, where large panels are associated with low frequency modes and small panels 
are associated with high frequency modes. Vibration will usually only occur in some but not all 
of the panels because column, wall, and other supports will fix most panels in place and prevent 
movement relative to one another (Murray et al., 2003).  
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Figure 3: Mode Shapes of Beam and Floor System 
Source: Adapted from AISC Steel Design Guide Series 11 Floor Vibrations Due to Human 
Activity (p. 3) by Murray et al.  
 
2.2.3 Vibration as a Design Consideration 
Because the natural frequency of structural components must be greater than the forcing 
frequency of dynamic forces to prevent resonance, member properties and sizes are governed by 
the natural frequency when using vibrations as the primary design consideration. The natural 
frequency of a member is determined using the following equations (Murray et al., 2003): 
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1.  ƒ𝑛 =  
𝜋
2
 [
𝑔𝐸 𝐼𝑡
𝑤𝐿4
]
1/2
 
 
2.  ƒ𝑛 = 0.18√
𝑔
∆
 
 
Where g is gravitational acceleration, E is the elastic modulus of the member material, It  is the 
transformed moment of inertia, w is the factored load per length, and L is the length of the 
member. Equations 1 and 2 are both derived from the following equation for midspan deflection 
of a simply supported beam: 
 
3.  ∆𝑚=
5𝑤𝐿4
384𝐸𝐼
 
 
If the distributed load on a member and its properties and dimensions are known, Equation 1 
may be used to determine the natural frequency; however, if only the deflection of a member is 
known, Equation 2 may be used to determine the natural frequency. The Dunkerley equation is 
used to estimate the total natural frequency for a structure by summing the inverse squares of the 
natural frequency of each beam and girder: 
 
4.  
1
ƒ𝑛
2 =  
1
ƒ𝑖
2 +
1
ƒ𝑔
2 
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The ratio of maximum acceleration of a slab system to the acceleration of gravity due to a 
harmonic rhythmic force assuming only one mode of vibration is determined using the following 
equation (Allen, 1990):   
 
5𝐴.  
𝑎𝑝
𝑔
=
1.3𝛼𝑖𝑤𝑝/𝑤𝑡
√[(
ƒ𝑛
ƒ )
2
− 1]
2
+ [
2𝛽ƒ𝑛
ƒ ]
2
 
 
Where αi is the dynamic coefficient, wp is the effective distributed weight per unit area of the 
floor panel of people participating in the rhythmic activity, wt  is the effective distributed weight 
per unit area of the floor panel of both people participating in the rhythmic activity and 
bystanders, ƒn is the natural frequency of the structure, ƒ is the forcing frequency of the dynamic 
loading, and β is the damping ratio. At resonance when the natural frequency equals the forcing 
frequency, the equation simplifies to (Allen, 1990):  
 
5𝐵.  
𝑎𝑝
𝑔
=
1.3𝛼𝑖𝑤𝑝/𝑤𝑡
2𝛽
 
 
When the natural frequency is greater than 1.2 times the forcing frequency, the equation 
simplifies to (Allen, 1990): 
 
5𝐶.  
𝑎𝑝
𝑔
=
1.3𝛼𝑖𝑤𝑝/𝑤𝑡
[(
ƒ𝑛
ƒ )
2
− 1]
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The maximum acceleration for multiple dynamic forces may be estimated using the combination 
rule (Allen, 1990): 
 
6. 𝑎𝑚 =  [𝛴𝑎𝑖
1.5]1/1.5 
 
Where ai is the maximum acceleration for the i’th harmonic multiple. A harmonic multiple is an 
integer that represents a multiple of how often a force occurs. To check the performance of a 
structure, two methods may be used. The first method involves the use of Equations 1, 2, and 4 
to ensure that the natural frequency of the structure is greater than the forcing frequency caused 
by the applied dynamic loads. The second method involves the use of Equations 5A and 6 to 
ensure that the maximum acceleration of the structure does not exceed tolerable limits. Because 
the ratio of the natural frequency to the forcing frequency is inversely proportional to the 
maximum acceleration, by increasing the natural frequency of a structure, the maximum 
acceleration and accompanying vibrational effects will decrease (Murray et al., 2003).  
 
2.3 Retrofitting Dampers 
One hypothetical future design for our project includes retrofitting dampers to the existing 
structure in order to absorb and suppress and vibrations present when the field is in use. In terms 
of structural engineering, damping is “the means by which the response motion of a structural 
system is reduced as the result of energy losses.” This concept is very important when dealing 
with seismic loads in earthquake-prone areas in the world such as New Zealand. In our case, 
however, the motion would be athletes, coaches, or spectators moving around randomly or in a 
pattern, causing rhythmic vibrations across the structure. 
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One of the most widely used dampers is the “viscous fluid damper” or VFD. Its popularity for 
structures has to do with both absorbing vibrations as well as aiding in supporting loads and 
other forces. Narkhede and Sinha describe the process of a VFD as “Internal force is generated 
by the fluid damper due to pressure differential across the piston head. During the motion of the 
piston head, the fluid volume is changed by the product of travel and piston rod area. Since the 
fluid is compressible, this change in fluid volume is accompanied by the development of a spring 
like restoring force. This is prevented by the use of the accumulator” (Narkhede, 2014). An 
important aspect of these dampers is that they act elastically to moment frames and do not 
require the connections to be changed. (Hussain, 1993). 
 
Additionally, the equation for the output of a VFD is: 
 
𝑓𝑑 = 𝑐𝛼𝑠𝑔𝑛(𝑢)|𝑢|
𝛼 
 
“where fD is the damper force, ca is the damping coefficient with units of force per velocity 
raised to the power a, u is the relative velocity between the two ends of the damper and sgn(u ) is 
the signum function” (Narkhede, 2014). 
 
In the case of Costa Mesa, California a large retail building was retrofitted VFD’s due to its high 
risk of seismic loads. The foundation, made of concrete piles, was not able to withstand the 
additional load of the dampers. Because of this, the foundation also had to be retrofitted in order 
to safely hold these additions. This building was made in the 1980’s. While the garage field is a 
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more modern structure, this account shows it is imperative to re-calculate all loads due to the 
dampers for our concrete structure (Hussain, 1993). 
 
The cost of VFD’s are “relatively modest” and manufacturers claim they should “be 
maintenance- free for 50 years (Hussain, 1993).” This shows that retrofitting may be the cost-
friendly option for WPI. This only holds true, however, if the extra load does not create a need to 
change the foundation of the structure. 
 
2.4 Parking Structure Design 
Parking structures vary from typical structures in that they must contain a vehicular circulation 
system that allows access from one floor to another. These circulation systems can vary in 
complexity, but ultimately must be easily navigated and used by the parker. Many factors dictate 
the final design of a parking structure. Some of these factors include the required amount of 
spaces, type of users , site restrictions, cost, potential revenue and parking space layout (Chrest, 
2001) .To best accommodate all of the factors involved in the designing of a parking structure, 
typically a “Level Of Service” approach is used. 
 
2.4.1 Level of Service Design Approach 
The Federal Highway Administration defines Level of Service or “LOS” as a “quality measure 
describing operational conditions within a traffic stream” (Federal Highway Administration, 
2006). To evaluate a Level of Service or LOS, typically a section of roadway, or in this case a 
parking structure, is graded on multiple relevant criteria. The criteria are specific conditions that 
the parking structure would experience. For each criterion an individual grade is assigned. This is 
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due to different structures having different uses, users, and locations. Meaning different LOS 
grades would be acceptable for the same structure. The goal of the Level of Service approach is 
to find a combination of various acceptable LOS criteria grades that would be best suitable for a 
parking structure. Figure 4 below shows the criteria or design consideration and the acceptable 
LOS grades in regards to users of a parking structure. 
 
Figure 4: Level of Service Criteria 
Source: Chrest, Anthony, Parking Structures Planning, Design, Construction, Maintenance and 
Repair 2001, Level of Service Criteria, table 3-1 
 
As Figure 4 shows, depending on the user the acceptable LOS grade can change entirely. This is 
due mostly to the familiarity of the user with the parking structure. Typically a familiar user like 
an employee will tolerate poorly graded aspects of a structure, but will not tolerate long waits or 
long walking distances (Chrest, 2001). Ultimately a Level of Service design approach is about 
selecting a compromise of different aspects to best suit a certain a structure to produce the most 
functional design. 
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2.4.2 Number of Parking Spaces 
As mentioned before many factors must be considered when designing a parking structure. One 
of the most prevalent considerations is how much parking is necessary. The number of parking 
spots required can be calculated as a ratio of parking demand to the intended use of the facility 
(Chrest, 2001).  In Figure 5 below it shows the ratio of cultural, recreational and entertainment 
uses. 
 
 
Figure 5: Summary of Space Requirements for Parking Structures 
Source: Adapted from Recommended Zoning Ordinance Provisions for Off-Street Loading 
Space, Washington D.C.: National Parking Association 
 
2.4.3 Gross Parking Area 
By understanding the demand for parking, the layout and dimensions of the structure can begin 
to come to shape. Besides site constraints the parking will demand certain dimensional aspects, 
like Gross Parking Area (GPA) needed, which will determine how many floors are needed. 
Gross parking area is the area from outside-to-outside exterior walls of a structure. Gross parking 
area is also typically used for cost estimating of a structure, so it is important to optimize the 
space as efficiently as possible. (Chrest, 2001). 
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2.4.4 Geometrics 
Parking geometrics refers to the layout and dimensions of the parking stalls. To best optimize the 
gross parking area, parking geometrics must designed in such a way that maximizes usable 
space, but doesn’t affect the LOS grade of certain aspects in the structure. When designing the 
dimension of a parking space, it is important to understand the design vehicle. Throughout the 
world average vehicle size differs. For example vehicles in the United States tend to be larger 
than of other areas like Europe. This requires parking stalls to be designed to the type of vehicle 
that will most likely be using it (Chrest, 2001). 
 
Once the size of the vehicle is determined in designing stall size, door opening dimensions must 
be considered. Door opening dimensions should correlate to the turnover of the users parking in 
the structure. For example it recommended by Chrest in Parking Structures Planning, Design, 
Construction, Maintenance and Repair, that vehicles that are long term parking, three hours or 
more, can comfortably use 20 inches of door opening clearance in a stall. For vehicles spending 
less than three hours in a stall it is recommended to have a clearance of 24 inches. 
Another important geometric factor is the vehicle’s movement into the stall. One method to 
reduce the aisle size, or the module, is to rotate the angle of parking from 90 degrees down to 45 
degrees (Chrest, 2001). Converse to rotating the stalls and narrowing the module, is to increase 
stall width. A larger stall width will increase user comfort and also allow for a narrower module. 
Increasing stall widths tends to be a more economical solution as well as a solution that leads 
toward more user comfort, compared to increasing the module size (Chrest, 2001). 
 
Many factors contribute to the design of a functional parking structure. Each aspect is dependent 
on the characteristics of the structures location, size, use, and users. Following the level of 
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service design approach it is important to compromise certain aspects of the structure to enhance 
others. Much like any other design process the ultimate goal is to create the best final solution to 
which allows for the best functionality and economy. 
 
2.5 Zoning Ordinances 
With any building there various codes and restriction meant to ensure the safety of its users and 
the surrounding environment. The Athletic rooftop field parking garage is set on the property of 
210 John Wing Road according to Oliver MassGIS and shown in Figure 6 below. The property 
is located in an “Institutional, Education” or “IN-S” zoning overlay (Zoning ordinance, 2015). 
There are no additional overlays in regard to wildlife or water protection according to the Zoning 
Ordinance. With the athletic rooftop field parking garage being located under these zoning 
ordinances, there is no height restriction to our design. The land area to building area ratio has no 
restrictions as long as the setbacks for the zoning overlay are met. The IN-S zoning overlay 
requires that a front yard is set back 15 feet and both side yards and backyards must be setback 
10 feet. 
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Figure 6: Site Location (Oliver MassGIS) 
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3. Methodology  
To accomplish this project's overall goal of designing a new roof top field structure, six 
objectives will be completed: 
 Measure the existing structure for vibrations 
 Design a new structure using vibration as a design consideration 
 Design a high level of service parking layout  
 Develop additional architectural features 
 Develop an adequate drainage system for the new structure 
 Create a 4D model to perform a cost analysis and create a construction schedule.    
 
To accomplish these objectives, we have created specific methods to complete each objective. 
These methods have been created by using and applying various relevant sources and existing 
methods. The methods for each objective are defined below. 
 
3.1 Vibration Measurement 
To determine the forcing frequency, frequency and deflections measurements will be made on 
the existing garage structure if time and equipment permit. Strain gages may be used to 
determine the deflection of the members in the current structure and obtain more accurate natural 
frequencies than those provided theoretically using equations 1 and 2. Linear velocity 
transducers (LVTs) may be used as well to determine frequencies induced by the dynamic loads 
on the field. Measurements will be made during WPI football practice and test multiple loading 
patterns, including coordinated jumps by offensive lineman and sprints by offensive and 
defensive backs. Multiple bays will be measured with loading at various points in the bay as well 
as outside the bay to identify multiple modal responses. 
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Bentley RAM and other structural analysis programs will be used to simulate the applied dynamic 
forces and determine an approximate estimate of the forcing frequencies of the garage if issues 
with the installation of the strain gages and LVTs arise (Bentley RAM Structural System V8i). 
The minimum required natural frequency will be determined by using the estimated forcing 
frequency and a factor of safety to ensure that it is adequately greater than the actual forcing 
frequency to prevent resonance. By rearranging Equations 1 and 2 as follows, minimum member 
sizes may be determined in terms of elastic modulus and transformed moment of inertia or 
deflection (Murray et al., 2003).  
 
7.  𝐸𝑠𝐼𝑡 =
4ƒ𝑛
2𝑤𝐿4
𝜋2𝑔
 
 
8.  ∆=  
𝑔
(
ƒ𝑛
0.18)
2 
  
The acceleration of gravity, distributed dead and live loads, and span length will remain 
relatively constant for each member; therefore, the required natural frequency will be the primary 
influence on the required member size, member properties, and maximum deflection. The total 
natural frequency of all of the members may be estimated using the Dunkerley relationship and 
then compared to the approximate total forcing frequency (Murray et al., 2003): 
 
If the strain gages are able to be used to obtain accurate deflection measurements of the existing 
structure, Equation 2 may be used to determine the actual natural frequency of the existing 
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members as opposed to the theoretical natural frequency. The required natural frequency of the 
members will govern all design; therefore, member sizes will be determined according to 
required natural frequency first before verifying that they satisfy loading criteria as well. After 
determining the desired natural frequencies of the structure, the maximum acceleration of the 
slab system will be checked using Equations 5A and 6 to ensure that it does not exceed 
recommended limits (Figure 1) (Murray et al., 2003).  
 
3.2 Structural Design 
3.2.1 Dead Loads 
To determine the applicable dead loads in the design of the structure, values from ASCE 7: 
Minimum Design loads for Building and Other Structures as well as any other applicable loads 
specified in the Massachusetts Building Code will be used. In addition to the specified design 
loads, the self-weight of the structure will be calculated. This will be done using an analysis of 
the unit weights and dimensions of the members in the structure transformed into a load. 
 
3.2.2 Live Loads 
To determine the applicable live loads for the design of the structure, relevant values will again 
be determined from ASCE 7: Minimum Design loads for Building and Other Structures as well 
as the Massachusetts Building Code. In addition to calculation of gravity loads for the structure, 
wind, snow and seismic calculations will also be calculated using methods described in ASCE 7: 
Minimum Design Loads for Building and Other Structures and the Massachusetts Building Code 
for the type of structural member used i.e. steel, reinforced concrete, pre-stressed concrete. 
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In addition to the live loads that are specified, another live impact load will be developed. This 
load will be the larger impact force than the field structure will experience. This load will be 
developed by using natural vibration equations as well as estimated by measuring the impact 
force of multiple athletes jumping in unison, to simulate an extreme dynamic loading on the 
structure. This design load will be the major factor in calculations due to this load representing 
the cause of maximum allowed vibrations in the structure. 
 
3.2.3 Structural Material Selection 
To choose the best structural material a set of criteria will be established to compare options. 
These criteria will include factors such as cost, span length capabilities, constructability, and 
vibration control. Since this project revolves around vibration control, that criteria may have a 
larger impact on the final selection of materials. Since vibrations are largely dictated by modulus 
of elasticity and moment of inertia, the final choice will be a material that best optimizes these 
values. The structural material choices will be either be steel, reinforced concrete, or pre-stressed 
concrete due to availability and constructability. 
 
3.2.4 Structural Member Design 
To determine appropriate sized beams, girders, and columns for the structure the loads, 
calculated using the methods stated before, will be factored using appropriate LRFD load 
combinations. Using the factored loads, an analysis will be done by investigating and 
considering multiple configurations of structural bay sizes for the structure. After determining 
structural bays sizes, using tributary area, and the previously factored loads, member sizes will 
be determined and designed following specifications specific to the material we decide to use, 
such as AISC, ACI, and PCI. The members will be designed to have adequate capacities in 
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moment, shear, deflection, and vibration control, and any other required strengths. In addition to 
member design, the connection design will also be done following specifications promulgated by 
relevant entities. The connections will be designed to have adequate strength and safety. 
 
As a means of safety, the final structural design will be created in structural analysis software. 
The software will be used to analyze the design loads that the structure is expected to 
support.  This analysis will be done for all design considerations, such as live, dead, and 
environmental loads, as well all vibrations. These analyses will be done to support our 
calculations and used as additional justification for our member selection. 
 
3.3 Parking Layout 
The WPI Garage Field’s minimum required parking space differs from typical structures in that 
its minimum required amount of parking spaces is not a ratio of the intended use for the 
structure. The WPI Garage Field’s dimensions are not dictated by required parking spaces but 
rather are dictated by the size of the field it supports. This creates a unique challenge in that the 
parking of the structure is not the primary factor in its design. This creates the issue of 
optimizing the given gross parking area to accommodate the maximum amount of parking 
spaces. 
 
Following the development of the structural design of the new parking structure, the gross 
parking area will be determined and refined to accommodate the largest number of parking 
spaces with the highest level of service for its users. Although the footprint of the structure will 
be similar to the existing parking garage, the new structural design will likely result in different 
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placements of structural members such as columns, which could influence the parking 
geometrics in the structure. 
 
To create the most efficient and serviceable geometric design, multiple geometric design factors 
will be incorporated into the geometric layout and evaluated for their level of service grade, as 
described by Chrest in Parking Structures Planning, Design, Construction, Maintenance and 
Repair. These factors will include changing the angle of parking spaces, creating one-way and 
two-way parking bays, changing parking stall dimensions, and their impacts on the overall level 
of service for the structure. The goal is to create a functional parking space at an acceptable level 
of service for its users.  
 
3.4 Architectural Component 
In addition to designing a new structural system for the current parking garage, we will also be 
designing additions to the field in order to meet several of WPI’s needs. These include spectating 
areas for both Alumni Field and the Roof-top Field, varsity-only facilities, offices, and food 
service areas. This is not the first time a roof-top field has been the pinnacle of other facilities 
including a parking garage. These spaces designed will be shown through floorplans, elevations, 
sections, and reflected ceiling plans using AutoCAD, and then further rendered in Revit to see 
three-dimensional representations. 
 
3.4.1 Egress, ADA, Firecodes 
Means of egress will be modeled after the Massachusetts Building Code. Once the square 
footage is decided, this will determine aspects such as the number of emergency stairs, exits, and 
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signs. Stairs will need to be included with each emergency exit as the only lowest level sits on 
the top of a garage. 
 
Our new facility will also comply with the ADA (the American with Disabilities Act). This will 
allow persons with disabilities to access all areas, including parking. For this, elevators will be 
imperative and will need to be located near the handicap spaces in the garage. 
 
We will strive for our building to be at least Construction Type 2, non-combustible. The exact 
type will depend on what material is chosen for our structure. It is safe to assume now that no 
wood or brick will be used for load-bearing walls, ruling out types 3, 4, and 5. 
 
3.4.2 Lighting and Daylighting 
Lighting design is not only imperative for user comfort and function, but also safety.  Three 
types of lights will be used for the building. General lights will be used to light up all interior 
spaces and will utilize LED luminaires. LED lights, which can be costly when illuminating an 
entire building, are both highly functional and environmentally safe. They last longer than any 
other lamp and also can mimic all colors of other lamps while not giving off any significant heat. 
The second type of light, task lights, will be used to illuminate the field during night hours. 
Accent lights will be used for aesthetic purposes, illuminating the exterior façade during night 
and also wall washing the interior walls. All luminaires and switches will be shown in reflected 
ceiling plans for both the interior and garage. 
 
Daylighting will be utilized in order to be energy efficient while also limiting energy costs for 
the building. The design will include large curtain walls that will bring in as much natural light 
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as possible in order to illuminate the space. Retractable shading will be used in order to limit the 
intensity of light and the accompanied heat. 
 
3.4.3 Envelope and U-Factor Calculations 
The exterior of the building will utilize a brick façade while carrying no structural purpose in 
order to keep with the overall campus aesthetic. This will be followed by insulation including air 
space, our structural material, and gypsum wall board for the interior. The only exterior walls 
that will not include this construction are the curtain walls.  For both types of walls, U-Value 
calculations will carried out in order to show the insulating properties of our envelope. If these 
values are not preferable, the thickness of each material can be changed until an optimal U-Value 
is achieved. 
 
3.4.4 LEED Accreditation 
The U.S. Green Building Council grants platinum, gold, silver, and bronze certification to 
buildings based on how environmentally friendly they are. A scorecard laying out specific 
categories (sustainable sites, water efficiency, energy and atmosphere, materials and resources, 
indoor environmental quality, innovation, and regional priority credits) and points awarded 
decides which accreditation it receives. In its last few buildings, East Hall, the Sports and 
Recreational Center, and Faraday Hall, WPI has scored gold, gold, and silver respectfully. This 
is why we will aim to design our building for at least silver certification. The chart below lays 
out each of the categories for LEED accreditation and examples of how it will be achieved.  
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Category Example 
Sustainable Sites Building Vertically instead of taking up more land 
Water Efficiency Two-way flushing toilets 
Energy and Atmosphere Use of LED lights instead of incandescent 
Materials and Resources Taking advantage of natural light 
Indoor Environmental Quality Retractable shading devices on the curtain walls 
Innovation Use of Photo-voltaic Panels 
 
 
3.5 Drainage and Site 
3.5.1 Analyze Current Capacity 
In order to analyze the current capacity of the drainage system, the site plans will need to be 
analyzed. Manning’s formula will be used to calculate the pipe capacity. To allow for a factor of 
safety and assuming the system is designed to prevent flooding, the storm water pipes will be 
analyzed with 90% of the height of the pipe being “full.” 
 
3.5.2 Site Considerations 
The hydrology of the current site plan will be analyzed using surface water contour lines to 
determine where the water is currently flowing to drain. Alternate site conditions will be 
proposed with our new building if it is deemed that the current conditions can be improved. If 
current conditions can be improved, a cut and fill grading plan will be provided as a part of the 
final product. 
 
3.5.3 Determine Design Storm 
To determine if the drainage capacity for our new site plan and roof top field needs upgrading, 
we will calculate the stormwater flow generated by a two-day duration, one hundred year storm, 
if we are not able to determine the design storm for the current site. The rainfall amount used for 
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the design storm will be found using the National Oceanic and Atmospheric Administration 
(NOAA) Atlas 14, Volume 10, Version 2. The amount of water that needs to be drained will be 
determined by the area of the rooftop for the structure and the area of the site for the site 
drainage. Once an amount of water that needs to be drained is determined, that will be compared 
to the capacity of the current system. A new drainage system will be designed based on the storm 
considerations. Between the current system and the new system, the one with the larger capacity 
that will not create flooding issues will be chosen as the drainage system for the structure. One 
consideration for the new design is to ensure that the drainage will not exceed what the 
Worcester system can handle. This will require an analysis of the connection to the current 
public stormwater drainage for the City of Worcester to prevent an exceedance and potential 
flooding issues. 
 
3.5.4 Snow Removal Requirements 
The snow loading will be determined by the new structural design. A factor of safety will be 
applied to the snow loading and that will determine the maximum amount of snow the structure 
will be able to support. We will also calculate the amount of snow required to be equivalent to 
the design rainstorm when runoff occurs during snowmelt. Out of these two scenarios, the lesser 
snow amount will be the maximum allowed snow on the rooftop before removal is required. 
 
3.6 Cost and Schedule 
Once the rooftop garage design is complete, a 4D model will be created. Using relevant software 
a virtual model will be created. This model will include relevant proponents of the structure that 
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were created during this project. These proponents will include the site conditions, structural 
layout, drainage, architectural, and parking layout. 
Utilizing the 4D software, a construction schedule will be created for the model. The 
construction schedule will include all aspects of the project that are incorporated in the model. In 
addition to a construction schedule, a cost analysis will be performed using values from 
RSMEANS. Using RSMEANS a cost analysis will be done using square foot and weight analysis 
of materials used in the structure. These values will include the cost of the material and the cost 
of labor to construct. This will be done to get an accurate cost estimate for the structure. 
. 
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Appendix B 
Structural Analysis Calculations and Spreadsheet 

























Dead and Live Loads Self Weight Girder Joist
w DL (psf) 30 w SW CONCRETE (k/ft) 3.795 0.495 *Includes 1.1 multiplier for ponding effect of wet concrete
w LL (psf) 100 w SW BEAM (k/ft) 0.33 0.15
w SW TOTAL (k/ft) 4.125 0.645
Steel Section Properties Girder Joist Concrete Properties Girder Joist
Shape W36x330 W36x150 Density (lb/ft
3
) 150 150
Es (ksi) 29000 29000 Slab Thickness (in) 6 6
Fy (ksi) 50 50 ƒc' (ksi) 6 6
Beam Weight (lb/ft) 330 150 Effective Flange Width (in) 108 72
Area (in
2
) 96.9 44.3 Ec (ksi) 4695.982 4695.982
Depth (in) 37.7 35.9 n (modular ratio) 4.574438 4.574438
Web Thickness (in) 1.02 0.625 Neutral Axis (in) 5.87531 3.689488 *Negative value refers to distance above top flange of beam, 
Flange Width (in) 16.6 12 Itransformed (in
4
) 51195.83 22558.28   positive value refers to distance from top of concrete deck
Flange Thickness (in) 1.85 0.94
bf  / 2tf 4.49 6.37
h / tw 31.4 51.9
Ix (in
4
) 23300 9040
Sx (in
3
) 1240 504
Zx (in
3
) 1410 581
ry (in) 3.83 2.47
rts (in) 4.53 3.06
hᴏ (in) 35.9 35
J (in
4
) 84.3 10.1
*Live load = 0 for gymnasium floor 
vibration analysis
1st Approximation
Girders Joists Columns
Span Length (ft) 36 Span Length (ft) 46 σa (k/ft
2
) 0.3337
Spacing (ft) 46 Spacing (ft) 6 H (ft) 13
w g unfactored (k/ft) 6.655 w j unfactored (k/ft) 0.825 E (ksi) 29000
Δg (in) 0.169397899 Δj (in) 0.127047 Δc (in) 0.001795
ƒn g (Hz) 8.593333111 ƒn j (Hz) 9.922789 ƒn c (Hz) 83.47843
Girders, Joists, & Columns
Δt (in) 0.298239794
ƒn total (Hz) 6.476388028
2nd Approximation
aᴏ / g desired 0.055 *See Table 5.1 of AISC Design Guide 11
k 2 *See P. 37 of AISC Design Guide 11
β 0.06
w p (psf) 3.9352
w t (psf) 148.609113
w p / w t 0.026480206
1st Harmonic 2nd Harmonic 3rd Harmonic
αi 1.5 0.6 0.1 *See Table 5.2 of AISC Design Guide 11
ƒforcing (Hz) 2.375 4.75 7.125 *See Table 5.2 of AISC Design Guide 11
ƒn total min (Hz) 3.713192988 5.966404568 7.460156252
ap / g actual 0.012327272 0.036338999 0.025812283
amax / g 0.05369688
ƒn Adequate? NO
ap / g Adequate? YES
Moment Analysis Girders Joists
ϕ 0.9 0.9
w u (k/ft) 15.346 1.95
Mu (k*ft) 2486.052 515.775
Compact Section Girders Joists
Adequate? YES YES
*If not compact, check for FLB and WLB
Unshored Construction Girders Joists
Wet Concrete (k/ft) 3.795 0.495
Beam Weight (k/ft) 1.48 0.15
Form Work (k/ft) 0.138 0.018
Construction LL (k/ft) 1.15 0.15
w construction (k/ft) 9.8536 1.2336
Mconstruction (k*ft) 1596.2832 326.2872
ϕMp beam only (k*ft) 5287.5 2178.75
Δconstruction (in) 0.302744756 0.254777426
Beam Adequate? YES YES
Deflection OK? YES YES
Composite Strength Girders Joists
Agross steel (in
2
) 96.9 44.3
Asteel in compression (in
2
) 72.675 33.225
a (in) 2.199074074 1.508033769
Y2 (in) 4.900462963 5.245983115
ϕMn for PNA 7 (k*ft) 6918.890068 2969.294212
Capacity Adequate? YES YES
Deflection Limits Girders Joists
Δ(0.5LL) max (in) 1 1
Δ(0.5LL) actual (in) 0.128637159 0.115283903
ΔDL+(0.5LL) max (in) 1.8 2.3
ΔDL+(0.5LL) actual (in) 0.50084598 0.432314636
Adequate? YES YES
Lateral Torsional Buckling Girders Joists
Unbraced Length (ft) 6 1.71
C (=1 for I beams) 1 1
Cb (≥1) 1 1
Lp (ft) 13.52833012 8.724536659
Lr (ft) 45.47479981 25.27153202
Region PLASTIC PLASTIC
Fcr (ksi) 1153.942915 6371.204477
ϕMn (k*ft) 5287.5 2178.75 *Beam only, does not consider 
  composite action
Shear Analysis Girders Joists
Diameter of Stud (in) 0.75 0.75
Fu (ksi) 65 65 *Minimum tensile strength of stud
Rg (Group Factor) 1 1
Rp (Position Factor) 0.75 0.75
Vn (k) 1211.25 553.75 *Use value associated with desired 
Astud (in
2
) 0.441786467 0.441786467   PNA location 
Qn (k/stud) 21.53709026 21.53709026
Required Studs (Total) 112.4803755 51.42291677
Minimum Stud Spacing (in) 4.5 4.5
Maximum Stud Spacing (in) 48 48
Studs Used (Total) 113 52
Actual Spacing (in) 3.789473684 10.41509434 *Ensure spacing is between minimum 
  and maximum allowed values
L (ft) 13
k 0.8
rx (in) 5.34
ry (in) 3.05
E (ksi) 29000
Fy (ksi) 50
rx / ry 1.750819672 *Smaller value is more efficient 
Atributary (ft
2
) 1656
w SW (k) 189.9
w DL (k) 49.68
w LL (k) 0
Pu (k) 287.496
KL (ft) 10.4
KL/rx 23.37078652
KL/ry 40.91803279
Minor axis buckling? YES
Inelastic buckling? YES
Use with Steel Manual Table 4-1
Capacity Girders Joists
Cconcrete (k) 1211.25 553.75
Csteel (k) 1816.875 830.625
Tsteel (k) 3028.125 1384.375
ϕMn (k*ft) 6918.8901 2969.2942
Geometry Girders Joists Geometry Girders Joists
As1 (in
2
) 36.3375 16.6125 As2 (in
2
) 60.5625 27.6875
Aflange (in
2
) 30.71 11.28 Aflange (in
2
) 30.71 11.28
Aweb (in
2
) 5.6275 5.3325 Aweb (in
2
) 29.0525 15.93
CentroidAs1 (in) 5.8716901 7.4817761 CentroidAs2 (in) -22.03495 -18.22191 *Centroids calculated with respect to PNA
Reinforced Concrete One Way Slab Design
Dimensions Slab Type (select one) Loads Quadratic Equation
L (ft) 6 Simply Supported 1 ωDL (k/ft
2
) 76 a -4.86
b (in) 12 One End Continuous ωLL (k/ft
2
) 50 b 174.96
hestimate (in) 3.6 Both Ends Continuous ωu (lb/ft) 171.2 c -7.39584
drequired (in) 0.74553114 Cantilever + 0.042321
dfinal (in) 3 - 35.95768
hfinal (in) 4
Material Properties Bending Moments Development Lengths
f 'c (ksi) 6 Minterior (k*ft) -0.61632 Top-Exterior (in) 18
f y (ksi) 60 Mmid-span (k*ft) 0.440229 Upper Bottom-Exterior (in) 9
Density (lb/ft
3
) 150 Mexterior (k*ft) -0.3852 Top-Interior (in) 24
εu 0.003
β1 0.75
Design Reinforcement Shear
ρmax 0.02732143 As, interior (in
2
) 0.0864 Vu (k) 0.54784
ρ0.005 0.02390625 As, mid-span (in
2
) 0.0864 øVc (k) 4.182822
ϕ 0.9 As, exterior (in
2
) 0.0864 Acceptable? YES
db (in) 1/2 As, min (in
2
) 0.0864 Sinterior (in) 27.77778
dcover (in) 3/4 Smid-span (in) 27.77778
ρused 0.02390625 Sexterior (in) 27.77778
ρmin (Table 13.2) 0.0018 Smax (in) 12
a (in) (use QE) 0.04232136
Abar size (in
2
) 0.2
  
 
Appendix C 
Structural Framing Design Details 
2nd Level All Designs (Office and Parking) for 36’x46’ Bay  
Slab: 
55 psf (4” thick, 150 pcf, 6 ksi) 
Interior reinforcement = #4 at 12” spacing extending 24” towards midspan 
Exterior reinforcement = #4 at 12” spacing extending 18” towards midspan 
Midspan reinforcement = #4 at 12” spacing 
Transverse reinforcement = #4 at 18” spacing  
 
Girder:  
W33x141, L=36’ with 46’ spacing 
50 ¾” shear studs at 8½” spacing 
ϕMn = 2544 k*ft > Mu = 2457 k*ft 
 
Joist: 
W24x68, L=46’ with 6’ spacing 
24 ¾” shear studs at 22” spacing 
ϕMn = 899 k*ft > Mu = 518 k*ft 
 
Connections: 
Girder-column using 2Ls 4x3½x⅜x1’-11½” (ASTM A36, 9.10 lb/ft) with 8 rows of ¾” A325-X bolts  
Girder angle bolt shearϕRn = 297 k > Ru = 273 k    
 
Joist-girder using 2Ls 4x3½x¼x0’-11½” (ASTM A36, 6.20 lb/ft) with 4 rows of ¾” A325-X bolts  
Top flange coped (dc = 2”, c = 6”, Lev = 1¼”, Leh = 1¾”)   
Joist angle bolt shearϕRn = 101 k > Ru = 45 k    
Joist web bolt shearϕRn = 108 k > Ru = 45 k    
Girder web bolt shearϕRn = 424 k > Ru = 45 k    
Coped section flexural ruptureϕRn = 366 k > Ru = 45 k    
Coped section local web bucklingϕRn = 377 k > Ru = 45 k    
 
 
 
 
 
2nd Level All Designs (Office and Parking) for 25’x46’ Bay  
Use same slab, connections, and columns as 36’x46’ bay. 
 
Girder:  
W33x141, L=25’ with 46’ spacing 
49 ¾” shear studs at 6” spacing 
ϕMn = 2536 k*ft > Mu = 1195 k*ft 
 
Joist: 
W24x68, L=46’ with 5’ spacing 
24 ¾” shear studs at 22” spacing 
ϕMn = 898 k*ft > Mu = 435 k*ft 
 
3rd Level Zero Vibration Control Design for 36’x46’ Bay  
Slab:   
55 psf (4” thick, 150 pcf, 6 ksi) 
Interior reinforcement = #4 at 12” spacing extending 24” towards midspan 
Exterior reinforcement = #4 at 12” spacing extending 18” towards midspan 
Midspan reinforcement = #4 at 12” spacing 
Transverse reinforcement = #4 at 18” spacing  
 
Girder: 
W33x130, L = 36’ with 46’ spacing 
47 ¾” shear studs at 9” spacing 
ϕMn = 2326 k*ft > Mu = 2071 k*ft 
 
Joist: 
W24x62, L = 46’ with 6’ spacing 
22 ¾” shear studs at 24” spacing   
ϕMn = 793 k*ft > Mu = 436 k*ft 
 
Columns: 
W12x87, L = 26’ with fixed base 
ϕPn = 1020 k > Pu = 1009 k  
3rd Level Zero Vibration Control Design for 36’x46’ Bay (continued) 
Connections: 
Girder-column using 2Ls 4x3½x3/8x1’-8½” (ASTM A36, 9.10 lb/ft) with 7 rows of ¾” A325-X bolts  
Girder angle bolt shearϕRn = 260 k > Ru = 231 k    
 
Joist-girder using 2Ls 4x3½x1/4x0’-11½” (ASTM A36, 6.20 lb/ft) with 4 rows of ¾” A325-X bolts  
Top flange coped (dc = 2”, c = 5½”, Lev = 1¼”, Leh = 1¾”)   
Joist angle bolt shearϕRn = 101 k > Ru = 38 k    
Joist web bolt shearϕRn = 112 k > Ru = 38 k    
Girder web bolt shearϕRn = 407 k > Ru = 38 k    
Coped section flexural ruptureϕRn = 392 k > Ru = 38 k    
Coped section local web bucklingϕRn = 362 k > Ru = 38 k    
 
3rd Level Zero Vibration Control Design for 25’x46’ Bay  
Use same slab, connections, and columns as 36’x46’ bay.  
 
Girder: 
W33x130, L = 25’ with 46’ spacing 
45 ¾” shear studs at 6½” spacing 
ϕMn = 2319 k*ft > Mu = 1008 k*ft 
 
Joist: 
W24x62, L = 46’ with 5’ spacing 
22 ¾” shear studs at 24” spacing   
ϕMn = 792 k*ft > Mu = 367 k*ft 
 
3rd Level Moderate Vibration Control Design for 36’x46’ Bay  
Slab:  
82.5 psf (6” thick, 150 pcf, 6 ksi) 
Interior reinforcement = #4 at 18” spacing extending 24” towards midspan 
Exterior reinforcement = #4 at 18” spacing extending 18” towards midspan 
Midspan reinforcement = #4 at 18” spacing 
Transverse reinforcement = #4 at 18” spacing  
 
3rd Level Moderate Vibration Control Design for 36’x46’ Bay (continued) 
Girder: 
W36x330, L=36’ with 46’ spacing 
57 pairs ¾” shear studs abreast (114 total) at 7½” spacing   
ϕMn = 6918 k*ft > Mu = 2487 k*ft 
 
Joist: 
W36x150, L=46’ with 6’spacing 
26 pairs ¾” shear studs abreast (52 total) at 20½” spacing 
ϕMn = 2969 k*ft > Mu = 516 k*ft 
 
Columns: 
W12x96, L = 26’ with fixed base 
ϕPn = 1125 k > Pu = 1102 k  
 
Connections: 
Girder-column using 2Ls 4x3½x3/8x1’-11½” (ASTM A36, 9.10 lb/ft) with 8 rows of ¾” A325-X bolts  
Girder angle bolt shearϕRn = 297 k > Ru = 277 k    
 
Joist-girder using 2Ls 4x3½x1/4x1’-5½” (ASTM A36, 6.20 lb/ft) with 6 rows of ¾” A325-X bolts  
Both top and bottom flange coped (dc total = 4”, c =8”, Lev = 1¼”, Leh = 1¾”)   
Joist angle bolt shearϕRn = 149 k > Ru = 45 k    
Joist web bolt shearϕRn = 223 k > Ru = 45 k    
Girder web bolt shearϕRn = 716 k > Ru = 45 k    
Coped section flexural ruptureϕRn = 900 k > Ru = 45 k    
Coped section local web bucklingϕRn = 831 k > Ru = 45 k    
 
3rd Level Moderate Vibration Control Design for 25’x46’ Bay 
Use same slab, connections, and columns as 36’x46’ bay.   
 
Girder: 
W36x330, L=25’ with 46’ spacing 
59 pairs ¾” shear studs abreast (118 total) at 5” spacing   
ϕMn = 6874 k*ft > Mu = 1221 k*ft 
3rd Level Moderate Vibration Control Design for 25’x46’ Bay (continued) 
Joist: 
W36x150, L=46’ with 5’spacing 
26 pairs ¾” shear studs abreast (52 total) at 20½” spacing 
ϕMn = 2963 k*ft > Mu = 438 k*ft 
 
3rd Level Full Vibration Control Design for 36’x46’ Bay  
Slab: 
82.5 psf (6” thick, 150 pcf, 6 ksi) 
Interior reinforcement = #4 at 18” spacing extending 24” towards midspan 
Exterior reinforcement = #4 at 18” spacing extending 18” towards midspan 
Midspan reinforcement = #4 at 18” spacing 
Transverse reinforcement = #4 at 18” spacing  
 
Girder: 
W36x652, L=36’ with 46’ spacing 
78 sets of 3 ¾” shear studs abreast (234 total) at 5½” spacing  
ϕMn = 14235 k*ft > Mu = 2597 k*ft 
 
Joist: 
W36x182, L=46’ with 6’spacing 
22 sets of 3 ¾” shear studs abreast (66 total) at 24” spacing 
ϕMn = 3629 k*ft > Mu = 526 k*ft 
 
Columns: 
W14x99, L = 26’ with fixed base 
ϕPn = 1200 k > Pu = 1126 k  
 
 
 
 
 
 
 
3rd Level Full Vibration Control Design for 36’x46’ Bay (continued) 
Connections: 
Girder-column using 2Ls 4x3½x3/8x1’-11½” (ASTM A36, 9.10 lb/ft) with 8 rows of ¾” A325-X bolts  
Girder angle bolt shearϕRn = 297 k > Ru = 289 k    
 
Joist-girder using 2Ls 4x3½x1/4x1’-5½” (ASTM A36, 6.20 lb/ft) with 6 rows of ¾” A325-X bolts  
Both top and bottom flange coped (dc total = 8”, c =8”, Lev = 1¼”, Leh = 1¾”)   
Joist angle bolt shearϕRn = 149 k > Ru = 46 k    
Joist web bolt shearϕRn = 259 k > Ru = 46 k    
Girder web bolt shearϕRn = 1382 k > Ru = 46 k    
Coped section flexural ruptureϕRn = 843 k > Ru = 46 k    
Coped section local web bucklingϕRn = 778 k > Ru = 46 k    
 
3rd Level Full Vibration Control Design for 25’x46’ Bay  
Use same slab, connections, and columns as 36’x46’ bay. 
 
Girder: 
W36x652, L=25’ with 46’ spacing 
56 sets of 4 ¾” shear studs abreast (224 total) at 5¼” spacing  
ϕMn = 14063 k*ft > Mu = 1279 k*ft 
 
Joist: 
W36x182, L=46’ with 5’spacing 
22 sets of 3 ¾” shear studs abreast (66 total) at 24” spacing 
ϕMn = 3620 k*ft > Mu = 448 k*ft 
 
Parking Garage Ramp All Designs 
Slab: 
55 psf (4” thick, 150 pcf, 6 ksi) 
Interior reinforcement = #4 at 12” spacing extending 24” towards midspan 
Exterior reinforcement = #4 at 12” spacing extending 18” towards midspan 
Midspan reinforcement = #4 at 12” spacing 
Transverse reinforcement = #4 at 18” spacing  
 
Parking Garage Access Ramp All Designs (continued) 
Girders:  
W21x44, L=27’-4½” with 24’ spacing 
17 ¾” shear studs at 18¼” spacing 
ϕMn = 503 k*ft > Mu = 310 k*ft 
W21x44, L=15’-½” with 24’ spacing 
17 ¾” shear studs at 10” spacing 
ϕMn = 501 k*ft > Mu = 94 k*ft 
 
Joist: 
W12x19, L=24’ with 6’ spacing 
8 ¾” shear studs at 32” spacing 
ϕMn = 137 k*ft > Mu = 59 k*ft 
 
Columns: 
W8x31, L=2’-8½” with fixed base 
ϕPn = 374 k > Pu = 97 k 
W8x31, L=7’-3” with fixed base 
ϕPn = 374 k > Pu = 97 k 
W8x31, L=11’-9½” with fixed base 
ϕPn = 325 k > Pu = 97 k 
 
Connections: 
Girder-column using 2Ls 7x4x⅜x1’-2½” (ASTM A36, 13.6 lb/ft) with 5 rows of ¾” A325-X bolts  
Girder angle bolt shearϕRn = 88 k > Ru = 68 k    
 
Joist-girder using 2Ls 4x3½x¼x0’-5½” (ASTM A36, 6.20 lb/ft) with 2 rows of ¾” A325-X bolts  
Top flange coped (dc = 2”, c = 3½”, Lev = 1¼”, Leh = 1¾”)   
Joist angle bolt shearϕRn = 48 k > Ru = 15 k    
Joist web bolt shearϕRn = 32 k > Ru = 15 k    
Girder web bolt shearϕRn = 153 k > Ru = 15 k    
Coped section flexural ruptureϕRn = 73 k > Ru = 15 k    
Coped section local web bucklingϕRn = 67 k > Ru = 15 k    
 
 
  
 
Appendix D 
Shallow and Deep Foundations Calculations 



  
 
Appendix E 
Scheme II and Existing Park Avenue Garage Field 
Parking Geometrics 
Scheme II Parking Design 
 
 
 
 
 
 
 
 
 
 
 
 
 
Current Parking Scheme 
 
 
  
 
Appendix F 
Multipurpose Academic, Athletic, and Recreational Space 
Details 
2nd Level Multipurpose Space Floorplan 
 
 
2nd Level Multipurpose Space Wall Section 
 
2nd Level Multipurpose Space North and South Elevations 
 
2nd Level Multipurpose Space East and West Elevations 
 
Lighting Calculations 
 
Square Feet of Room Wattage of each Total Wattage Allowed LPD Calculated LPD Lumens / Fixture Min Footcandles Actual Footcandles
8315 36 1440 1.4 3900
8315 60 960 1.4 0.29 2500 20 -50 23.57
2365 36 648.00 1.2 0.27 3900 50-100 89.05
4700 12 324.00 0.6 0.07 800 10.0-20.0 13.79
1310 36 432.00 1.4 0.33 3900 50-100 107.18
300 12 60 1.1 0.26 800 10.0-20.0 15.5
17 17 650
640 12 216 1.3 0.34 800 20-50 22.50
6,800 8 64 1.4 0.22 380 20-50 20.56
12 336 800
50 1100 5200
285 12 72 0.9 0.25 800 10.0-20.0 16.84
2345 36 648 1.5 0.28 3900 20.0-50.0 29.94
400 50 100 1.5 0.25 5200 10.0-20.0 26.00
5,885 50 900 0.9 0.23 5200 20-50 20.80
12 432 800
38 12 12 0.64 0.32 800 10.0-20.0 21.05
165 50 100 1.5 0.61 5200 20-50 63.03
626 12 144 0.23 800 20-50 15.34
12438 36 5760 0.46 3900 50.17
Total Wattage 13765
Lighting Design Calculations
Air Conditioning Calculations – U Factor Calculation 
U -Factor Calculation 
Layer At 
Studs 
In 
Between 
Outside Air 0.25 0.25 
Face Brick 0.44 0.44 
Plywood 1.25 1.25 
R-38 / 2x10 Steel Studs 0.082 38 
Air Space 1 1 
Gypsum Wall Board 0.45 0.45 
Inside Air 0.68 0.68 
      
Total R 4.152 42.07 
U Value 0.241 0.024 
      
Overall Averaged U-
Factor 
0.044 
  
 
 
 
 
 
 
 
 
 
Air Conditioning Calculations – Heat Gain per Space 
Heat Gain Per Space 
    Wall Height 13   CLG           
    Outside 
Temp 
85   Saturated Air 
Temp 
57         
    Inside 75               
                      
Room Wall 
Length 
Gross Area Glass 
Area 
Net Wall 
Area 
Summer Wall Glass 
GLF 
Wall Glass S&T 
          U - Value CLT
D 
  BTU
H 
BTU
H 
BTUH 
West Elevation                     
West elevation 
Corridors 
104 1352 1156 196 0.044 13 77 112.1
1 
8901
2 
89124.
11 
Exit Stairwell 1 20 260 0 260 0.044 13 77 148.7
2 
0 148.72 
Exit StairWell 2 20 260 0 260 0.044 13 77 148.7
2 
0 148.72 
Varsit Locker Room 
Male 
77.5 1007.5 0 1007.5 0.044 13 77 576.2
9 
0 576.29 
                      
North Elevation                     
North Elevation 
Corridors 
52 676 44 632 0.044 3 30 83.42 1320 1403.4
2 
Classroom1 30 390 264 126 0.044 3 30 16.63 7920 7936.6
3 
Classroom 2 30 390 274 116 0.044 3 30 15.31 8220 8235.3
1 
Café/ Viewing 
Section 
107 1391 972 419 0.044 3 30 55.31 2916
0 
29215.
31 
Conference 1 34.25 445.25 276 169.25 0.044 3 30 22.34 8280 8302.3
4 
Office 1 15 195 127 68 0.044 3 30 8.98 3810 3818.9
8 
Office 9 15 195 97 98 0.044 3 30 12.94 2910 2922.9
4 
                      
East Elevation                     
East Elevation 
Corridors 
19 247 187 60 0.044 13 77 34.32 1439
9 
14433.
32 
Office 9 20 260 205 55 0.044 13 77 31.46 1578
5 
15816.
46 
Break Room 25.5 331.5 258 73.5 0.044 13 77 42.04 1986
6 
19908.
04 
Exit Stairwell 3 20 260 0 260 0.044 13 77 148.7
2 
0 148.72 
Male Restroom 14 182 0 182 0.044 13 77 104.1
0 
0 104.10 
Female Restroom 15 195 0 195 0.044 13 77 111.5
4 
0 111.54 
Office 10 19 247 190 57 0.044 13 77 32.60 1463
0 
14662.
60 
Exit Stairwell 4 20 260 0 260 0.044 13 77 148.7
2 
0 148.72 
Female Locker Room 77.5 1007.5 0 1007.5 0.044 13 77 576.2
9 
0 576.29 
                      
South Elevation                     
South Elevation 
Corridors 
16 208 148 60 0.044 6 46 15.84 6808 6823.8
4 
Female Locker Room 60.5 786.5 0 786.5 0.044 6 46 207.6
4 
0 207.64 
Varsity Gym 121 1573 847 726 0.044 6 46 191.6
6 
3896
2 
39153.
66 
Male Locker Room 60.5 786.5 0 786.5 0.044 6 46 207.6
4 
0 207.64 
 
Air Conditioning Calculations – U Factor Calculation 
Tons of Cooling and CFM per Room 
Room S&T BTUH Wattage from Lights Resulting BTUH RmSens CFM Tons of Cooling 
Exit Stairwell 1 148.72 100 341.3 490.02 24.75 0.04 
Exit Stairwell 2 148.72 100 341.3 490.02 24.75 0.04 
Exit Stairwell 3 148.72 100 341.3 490.02 24.75 0.04 
Exit Stairwell 4 148.72 100 341.3 490.02 24.75 0.04 
Female Locker Room 783.93 324 1105.812 1889.742 95.44 0.16 
Male Locker Room 783.93 324 1105.812 1889.742 95.44 0.16 
Varsity Weight Room 39153.66 1432 4887.416 44041.076 2224.30 3.67 
Classroom 1 7936.66 432 1474.416 9411.076 475.31 0.78 
Classroom 2 8235.31 432 1474.416 9709.726 490.39 0.81 
Café /Viewing Section 29215.31 1500 5119.5 34334.81 1734.08 2.86 
Office 1 3818.98 77 262.801 4081.781 206.15 0.34 
Office 9 18739.4 77 262.801 19002.201 959.71 1.58 
Office 10 14650.1 77 262.801 14912.901 753.18 1.24 
Conference 1 8302.34 216 737.208 9039.548 456.54 0.75 
Break Room 19908.04 216 737.208 20645.248 1042.69 1.72 
Male Rest Room 104.1 72 245.736 349.836 17.67 0.03 
Female Rest Room 111.54 72 245.736 357.276 18.04 0.03 
North Corridors 1403.42 5760 19658.88 131443.57 6638.56 10.95 
East Corridors 14433.32 0.00 
West Corridors 89124.11 0.00 
South Corridors 6823.84 0.00 
Rest of Interior Lighting N/A 4971 16966.023 16966.023 856.87 1.41 
People Internal Load   1142 people 285500 285500 14419.20 23.79 
        262     
  Total Lighting   55911.766       
      Total 605534.64 30582.56 50.46 
 
EncounterTM Metric Series
Recessed LED Luminaire
Construction
• Recessed: 300 x 600, 300 x 1200, 600 x 600, 600 x 1200
• Depth: 82.5mm
• Sustainable materials
• CE marking compliant
• cULus damp location listed / IC Rated
• ROHS compliant
• Five-year warranty
Options
• Lumen packages
  - 300 x 600: 800 (8W) - 3900 (36W) lumens
  - 300 x 1200: 1800 (16W) - 5100 (48W) lumens
  - 600 x 600: 1900 (16W) - 4300 (40W) lumens
  - 600 x 1200: 3000 (26W) - 7400 (71W) lumens
• Universal (120V-277V), 230V (220V-240V) or 347V
• Flex wiring configurations 
Performance
• High-performance efficacy up to 118 lumens per watt
• Energy savings in excess of 50% compared to traditional  
 fluorescent troffers
• Three Correlated Color Temperatures (3000K, 3500K, 
 4000K) at typical 85 CRI
• 600 x 600: L85 @ 60,000 hrs.; 600 x 1200: L78 @ 60,000 hrs.;
 300 x 600: L86 @ 60,000 hrs; 300 x 1200: L79 @ 60,000 hrs.*
•	 Binning:	Per	ANSI,	3-step	MacAdam	ellipse
Controls
• Encounter includes 0-10V (analog) dimming for control  
 using Cooper Wiring Devices wall dimmers (10% - 100%),  
 Cooper Controls Greengate Room Controllers, occupancy  
 and/or daylight sensors, and lighting control panels.
• Encounter is available with native Fifth Light DALI drivers 
 for complete digital energy management using the  
 capable and scalable Fifth Light controllers and software.  
 For details on the Fifth Light solution,    
 please visit www.fifthlight.com
The Encounter™ Series redefines ambient lighting by blending contemporary styling with innovative WaveStream™ LED technology. 
The result is exceptional performance and superior energy savings – all at an affordable price. The highly efficient LED system with 
advanced optical design delivers optimal light uniformity, resulting in soft, natural light for superior visual comfort. Encounter is a 
perfect balance of form and function, making it an ideal choice for commercial interiors across the globe.
1 EATON’S COOPER LIGHTING BUSINESS     Encounter Metric Series
*Based on TM-21 data for Imperial fixtures.
600 x 1200 Lumen Maintenance
Ambient Temperature
TM-21 Lumen Maintenance
(60,000 hours)
Theoretical
L70 (Hours)
25°C > 78 92,000
Sample Number: 66EN-LD1-34-UNV-L835-CD1-CE-U
Ordering Information
Rating Series Lamp Type MTO Lumen Outputs 3, 9 Optics Voltage 1
[Blank]= Standard 36EN= 300 x 600 
Encounter Series
312EN= 300 x 1200 
Encounter Series
66EN= 600 x 600 
Encounter Series
612EN= 600 x 1200 
Encounter Series
LD1= LED 1.0 300 x 600 
08= 800 Lumens
13= 1300 Lumens
17= 1700 Lumens
23=2300 Lumens
27= 2700 Lumens
31=3100 Lumens
35= 3500 Lumens
39= 3900 Lumens
300 x 1200 
18= 1800 Lumens
25= 2500 Lumens
28= 2800 Lumens
33=3300 Lumens
38= 3800 Lumens
43=4300 Lumens
47= 4700 Lumens
51= 5100 Lumens
600 x 600 
19= 1900 Lumens 7
25=2500 Lumens 7
30= 3000 Lumens
34=3400 Lumens
39= 3900 Lumens
43=4300 Lumens
600 x 1200 
30= 3000 Lumens
34= 3400 Lumens
40= 4000 Lumens
45=4500 Lumens
49= 4900 Lumens
54=5400 Lumens
58= 5800 Lumens
67= 6700 Lumens
70=7000 Lumens
[Blank]= Standard UNV= Universal 
Voltage 
120-277
230V= 220-240 
Volt (CE 
only) 
347V= 347 Volt 5 
Options Driver Type Number of Drivers Compliance Packaging Accessories (Order Separately)
CCT
L830= 3000K
L835= 3500K
L840= 4000K
Flex
Flex= Multiple 
Configurations 
Available
CD= 0-10V Dimming Driver (Standard)
5LTD= Fifth Light (DALI) Driver 
           (10% - 100% Dimming) 2, 6, 8, 9
5LTHD= Fifth Light (DALI) Driver 
             (1% - 100% Dimming) 2, 4, 10
1= 1 Driver
2= 2 Drivers
[Blank]= UL Listed
CE= CE Marking 
Compliant
PALC= Job Pack, 
in Carton
U= Unit Pack
T3A END E.Q. BRACKET PARTS BAG=
 (Standard with Fixture)
DF10P-C-   = Decorator Dimmer, 0-10V
SF10P-   =Decorator Dimmer, 0-10V
 NOTES: 1. Products also available in non-US voltage and frequencies for international markets. 2. Must be used in conjunction with DALI control system. For complete DALI solutions by Fifth Light, visit www.
coopercontrol.com. 3. Made-to-order (MTO) requires six week lead time. 4. Two drivers required for 5LTHD option for 5400 lumens and up. 5. 347V option not available with 7400 lumen package. 6. 800, 
1300, 1700, 2300 and 2700 lumen packages not available with 5LTD option. 7. 1900 and 2500 lumen option are not available with a Fifth Light DALI (5LTD) driver. 8. 1800, 2500 and 2800 lumen packages 
not available with 5LTD options. 9. CE versions are not available with Fifth Light (5LTD) 10% driver option. 10. CE versions not available with Fifth Light (5LTHD) 1% driver option are 66EN (1,900, 2,500 and 
3,000); 36EN (800, 1,300, 1,700, 2,300 and 2,700); 312EN (1,800, 2,500 and 2,800).
Specifications & dimensions subject to change without notice. Consult your Cooper Lighting Representative for availability and ordering information.
Certification Data
cULus - Damp Location CE Marking Compliant CSA IC Rated LM79/LM80 Compliant ROHS Compliant
600 x 600 Lumen Maintenance
Ambient Temperature
TM-21 Lumen Maintenance
(60,000 hours)
Theoretical
L70 (Hours)
25°C > 85 163,000
300 x 1200 Lumen Maintenance
Ambient Temperature
TM-21 Lumen Maintenance
(60,000 hours)
Theoretical
L70 (Hours)
25°C > 79 101,000
300 x 600 Lumen Maintenance
Ambient Temperature
TM-21 Lumen Maintenance
(60,000 hours)
Theoretical
L70 (Hours)
25°C > 86 183,000
2EATON’S COOPER LIGHTING BUSINESS     Encounter Metric Series
Patented AccuAimTM optics
Highly efficient 
luminous panel
Precisely controlled 
light outputOptimal LED coupling
A patented optical coupling process maximizes the amount of light injected into the WaveStream panel, dramatically improving 
luminaire efficiency. Laser precise, patented AccuAimTM optics arranged in exacting patterns provide unrivaled brightness control 
while delivering optimal distributions tailored to each fixture and application.
Eaton's Cooper Lighting Business
Headquarters
1121 Highway 74 South
Peachtree City, GA 30269
P: 770-486-4800
www.cooperlighting.com
Canada Sales
5925 McLaughlin Road
Mississauga, Ontario L5R 1B8
P: 905-501-3000
F: 905-501-3172
Our Lighting Product Brands
Halo
Halo Commercial
Portfolio
IRiS
RSA
Metalux
Corelite
Neo-Ray
Fail-Safe
MWS
Ametrix
Shaper
io
Lumark
McGraw-Edison
Invue
Lumière
Streetworks
AtLite
Sure-Lites 
Our Controls Product Brands
Greengate
iLumin
Zero 88
Fifth Light Technology
iLight (International Only)
Eaton is a registered trademark.  
All other trademarks are property  
of their respective owners.
Eaton
1000 Eaton Boulevard
Cleveland, OH 44122
United States
Eaton.com
© 2015 Eaton
All Rights Reserved
Printed in USA
Publication No. ADF142868
March 2015
Eaton’s Cooper Lighting Business 
1121 Highway 74 South
Peachtree City, GA 30269
P: 770-486-4800
www.eaton.com/lighting
SPECIFICATIONS Bright Star 40” x 2.375”  RGB LED Wallwasher - 60W
PRODUCT NAME Bright Star 40" x 2.375" Wall Washer 3 in 1 RGB - 60W 24VDC
URL Click Here
SKU WW-SC-RGB5
DESCRIPTION  This RGB LED Wall Washer is a 40" x 2.375" linear type light with 60W 24VDC rated power use. 
It has twenty 3 in 1 Epistar RGB LEDs to produce bright and vivid lighting on walls, buildings, 
ceiling and signs. This wall washer is able to produce up to 16.7 million shades of amazing color. 
This light ﬁxture can project light up to 30 feet. This light is encased in an IP65 water-resistant 
aluminum housing. Tempered glass and stainless fasteners give this light long lasting outdoor 
use. This light can be controlled by RGB or DMX controllers using a 4-pin, 3-loop common 
anode connection. We recommend no more than two 60 watt wall washers connected in a 
series. Attached male and female waterproof connection lead wires included. For easy 
connection of wall washers, power supplies and controllers, use the many waterproof connec-
tors wire options. Non-submersible.
DIMENSIONS 39.5" x 2.3" x 2.9"H (1004mm x 59mm x 72.8mm) 
 CONNECTION TYPE 4 Wire RGB(+) 
POWER 24VDC Constant Voltage
WATTS 60 Watts
BEAM ANGLE 50° 
LUMENS 2500
RATING IP65 Water-Resistant 
 OPERATING TEMP -40° ~ 104°F
 PROJECTION 50-100 Feet
MAX SERIAL 2 Wall Washers
LIFESPAN 50,000 Hours
 WARRANTY 2 Year Manufacturers
EcolocityLED.com 
info@EcolocityLED.com 775-636-6060
These specication are subject to change without notice. This specication information is from the manufacturer of this product. Ecolocity LED is not the manufacturer of this product.
Copyright © 2014 Ecolocity LED 
Ellegra
GENERAL SPECIFICATIONS
Power Consumption
Voltage
Operating Temperature
Dimension
Weight
Color Temperature
CRI
Illuminance
Lifespan
Finish
Warranty
Certication
17 W
100 ~ 240V
-20℃ ~ 80℃
505 X 200 X 515
3.40 kg
2,500K ~ 6,000K
70 / 80 / 90 Optional
650Lux ~ 950 Lux
50,000 hours
Anodizing
5 Year Limited
N/A
ST002
DIMENSION
OPERATION GUIDE
Control part
Button operation explanation (touch sensor type)
     Ø200
50
505
27
48
8
51
5
Brightness mode
display window
Power button
Color mode
control button
Brightness 
control button
Color mode 
display window
Light on : Press and hold until it is on (less than 1 seconds)
  - If you press      indication during light out, it is light on.
  - If you press      indication during light on, the color mode changes.
     If you press repeatedly, you can move to a desired color mode.
Light out
　- If you press      indication during light on, it is turned o.
Last call function
  - It remembers previous color during light out, it is light on in the  
    previous color mode.
Reset function
  - After reconnect power it is light on to the initial condition (4,000K).
Ex) When turned o in a color mode of 2,500K, it is lighted in a 2,500K 
       mode at time of turn on.
       When turned o in a color mode of 2,500K and then reconnect the 
       power, it is lighten on to 3rd step (4,000K).
    
Brightness control
  - When press      indication during light on, brightness is controlled 
    through 1-3 steps by each color mode.
LED Desk Lamp
80 Little Falls Rd. Fairfield NJ, 07004
TEL : 1.800.555.5629 FAX : 973.244.7333 www.maxlite.com
Product Description
The CR6™ LED downlight delivers up to 800 lumens of exceptional 90+ CRI light while 
achieving up to 67 lumens per watt. This breakthrough performance is achieved by 
combining the high ecacy and high-quality light of Cree TrueWhite® Technology.  
The CR6 is available in a warm color temperature and has a variety of trim options.  
It easily installs into most standard six-inch recessed IC or non-IC housings, making the 
CR6 perfect for use in both residential and light commercial, new construction  
or retrofit, applications.
Performance Summary 
Utilizes Cree TrueWhite® Technology
Delivered Light Output: 625, 800 lumens
Input Power: 9.5, 12 watts
CRI: 90
CCT: 2700K, 3000K, 3500K, 4000K
Warranty: 5 years†
Lifetime: Designed to last 50,000 hours
Dimming: Dimmable to 5%*
Housings & Accessories
Reference Housing & Accessory documents for more details.
Trims & Reflectors
CT6A 
Diuse silver reflector
CT6AW 
Diuse wheat reflector
CT6AB 
Diuse black reflector
CT6BB 
Flat black flange and reflector
Housings (GU24 Only)
H6 
Architectural
RC6 
New Construction
RR6
Retrofit        
SC6 
Cylindrical Surface Mount
SC6-CM
Cylindrical Cord Mount
SC6-WM
Cylindrical Wall Mount      
6.25"
7.5"
CR6™
CR6™
Six-Inch LED Downlight
Rev. Date 01/24/2014
T  (800) 236-6800    F  (262) 504-5415US:  www.cree.com/lighting T  (800) 473-1234    F  (800) 890-7507Canada:  www.cree.com/canada
Ordering Information
Example: CR6-800L-27K-12-E26
CR6
Series Size Source Lumen Output CCT Voltage Base Type
CR 6 6 inch 625L 625 Lumens 27K 2700K 12 120 Volts E26 Edison Base
30K 3000K GU24 GU24 Base (Title 24 Compliant)
35K 3500K
40K 4000K
CR 6 6 inch 800L 800 Lumens 27K 2700K 12 120 Volts E26 Edison Base
30K 3000K GU24 GU24 Base (Title 24 Compliant)
35K 3500K
40K 4000K
* Reference www.cree.com/lighting for recommended dimmers. 
† See www.cree.com/lighting/products/warranty for warranty terms.
For full list of Cree Quick Ship products visit www.cree.com/lighting/quickship
Click below to select Quick Ship products
CR6-800L-40K-12-GU24
CR6-625L-27K-12-E26GU243054800RC^ 1 W
© 2014 Cree, Inc. and/or one of its subsidiaries. All rights reserved. For informational purposes 
only. Content is subject to change. See www.cree.com/patents for patents that cover these 
products. Cree®, and the Cree logo are registered trademarks, and CR6™ and the Quick Ship logo 
are trademarks of Cree, Inc. and/or one of its subsidiaries. ENERGY STAR® and the ENERGY STAR 
logo are registered trademarks of the U.S. Environmental Protection Agency.  The UL logo is a 
registered trademark of UL LLC.
Zonal Lumen Summary
Zone Lumens % Lamp % Fix
0-30 336 42.10% 42.10%
0-40 516 64.60% 64.60%
0-60 724 90.60% 90.60%
0-90 800 100% 100%
Intensity (Candlepower) 
Summary
Angle Mean CP
0° 456
5° 453
15° 432
25° 386
35° 293
45° 174
55° 85
65° 42
75° 25
85° 6
90° 0
 
  
  
 
Reference www.cree.com/lighting 
for detailed photometric data.
 
  
  
 
Product Specifications
CREE TRUEWHITE® TECHNOLOGY
A revolutionary way to generate high-quality white light, Cree TrueWhite® 
Technology mixes the light from the highest performing red and unsaturated 
yellow LEDs. This patented approach delivers an exclusive combination of 
90+ CRI, beautiful light characteristics, and lifelong color consistency, all while 
maintaining high luminous ecacy—a true no compromise solution.
CONSTRUCTION & MATERIALS
• Durable upper housing protects LEDs, driver and power supply. 
Adjustable flip clips resist heat while providing retention for flush  
ceiling fit. 
• Thermal management system uses both upper housing and lower 
reflector to conduct heat away from LEDs and transfer it to the plenum 
space for optimal performance. LED junction temperatures stay below 
specified maximum even when installed in insulated ceilings. 
• Suitable for insulated and non-insulated ceilings.
• One-piece aluminum lower reflector redirects light while also conducting 
heat away from LEDs. It creates a comfortable visual transition from the 
lens to the ceiling plane and easily accommodates CT6 snap-in trims.
OPTICAL SYSTEM
• Unique combination of reflective and refractive optical components 
achieves a uniform, comfortable appearance while eliminating pixelation 
and color fringing. This ensures smooth light patterns are projected with 
no hot spots and minimal striations. 
• Components work together to optimize distribution, balancing the 
delivery of high illuminance levels on horizontal surfaces with an 
ideal amount of light on walls and vertical surfaces. This increases the 
perception of spaciousness.
• Diusing lens shields direct view of LEDs while lower reflector balances 
brightness of lens with the ceiling to create a low-glare high angle 
appearance. 
ELECTRICAL SYSTEM
• Integral, high-eciency driver and power supply. 
• Power Factor > 0.9
• Input Voltage: 120V, 60Hz
• Dimming: Dimmable to 5% with most incandescent dimmers.  
Reference www.cree.com/lighting for recommended dimmers.
REGULATORY & VOLUNTARY QUALIFICATIONS
• ENERGY STAR® qualified.
• cULus Listed
• Exceeds California Title-24 high ecacy luminaire requirements.
• Suitable for wet locations. 
Photometry
CR6   BASED ON ONSPEX REPORT #: 30014047-3 
CR6-625L: MULTIPLY BY 0.78
Installation
• Designed to easily install in standard 6" 
downlight housings from Cree and other 
manufacturers.*
• Quick install system utilizes a unique 
retention feature. Simply attach socket to 
CR6. Move light to ready position and slide 
into housing.
Open Space
Spacing Lumens Wattage LPW w/ft2 Average FC
4 x 4
625 9.5 61
0.60 36
6 x 6 0.28 18
8 x 8 0.15 10
10 x 10 0.10 7
4 x 4
800 12 67
0.76 47
6 x 6 0.35 22
8 x 8 0.19 13
10 x 10 0.13 8
10' Ceiling, 80/50/20 Reflectances, 2.5 workplane. 
LLF: 1.0 Initial. Open Space: 50' x 40' x 10'
Corridor
Spacing Lumens Wattage LPW w/ft2 Average FC
4' on Center
625 9.5 61
0.40 13
6' on Center 0.27 9
8' on Center 0.20 7
10' on Center 0.17 6
4' on Center
800 12 67
0.51 17
6' on Center 0.34 11
8' on Center 0.25 8
10' on Center 0.21 7
10' Ceiling, 80/50/20 Reflectances, Light levels on the ground.  
LLF: 1.0 Initial. Corridor: 6' Wide x 100' Long
Application Reference
NOTE: Reference www.cree.com/lighting  
for detailed installation instructions.
 
*Reference www.cree.com/lighting  
for a list of compatible housings.
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T  (800) 473-1234    F  (800) 890-7507 T  (800) 236-6800    F  (262) 504-5415US:  www.cree.com/lighting T  (800) 473-1234    F  (800) 890-7507Canada:  www.cree.com/canada
#1608PD-CIELO-006L1-TOXX
Cielo Bicolor Pendant
Shown in: Tomato
Description:
Cielo Pendant features a perfectly balanced and warm
illumination in a simple and expressive silhouette. One 8
watt, 120 volt LED lamp comes included. Dimmer is
also included. Available in either tomato or moss color
base, a white finish frame, and a copper cord.
Dimensions: 6 inch width x 9 inch height. Overall height
is 120 inches.
List Price: $368.00
Our Price: $245.00
Shade Color: Tomato
Body Finish: N/A
Lamp: 1 x LED/8W/120V
Wattage: 8W
Dimmer: Included
Dimensions: 120"L x 9"H x 6"W
Technical Information
Luminous Flux: 380 lumens
Lumens/Watt: 47.50
Lamp Color: 3000 K
Color Rendering: 85 CRI
Product Number:PBL158773
Company: Fixture Type: Date: Nov 17, 2015
Project: Approved By: w
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SmartBalance Wall-
mounted
WL484W LED52S/830 PSD D/I SW WH
WL484W - LED Module, system flux 5200 lm - Power
supply unit with DALI interface - Direct/indirect lighting -
Separate switching - White
Striking the right balance between the different lighting needs in a
patient room is a challenge for many hospitals. That’s why our bed-
head luminaires offer some of the key functionalities required by both
patients and staff. The SmartBalance, wall-mounted luminaire
combines high-quality lighting performance with a stylish, timeless
design. General ambience light is provided indirectly via the upper part
of the luminaire. The lower part delivers direct, diffuse light, allowing
patients to read and clinical staff to carry out examinations at the bed.
Product data
• General information
Product family code WL484W [WL484W]
Number of light
sources
1 [1 pc]
Lamp family code LED52S [LED Module, system flux
5200 lm]
Light source color 830 [830 warm white]
Light source replace-
able
false [No]
Driver/power unit/
transformer
PSD [Power supply unit with DALI
interface]
Driver included true [Yes]
Embedded control No [-]
Dimmable Yes [Yes]
Light regulation No [-]
Separate switching SW [Separate switching]
Protection class IEC CLI [Safety class I]
Ingress protection
code
IP40 [Wire-protected]
Mech. impact protec-
tion code
IK02 [0.2 J standard]
Color WH [White]
Glow-wire test 650/5 [Temperature 650 °C, duration
5 s]
Flammability mark F [For mounting on normally
flammable surfaces]
CE mark CE [CE mark]
ENEC mark ENEC [ENEC mark]
• Light technical
Light distribution D/I [Direct/indirect lighting]
Luminous flux toler-
ance
+/-10% [+/-10%]
• Electrical
Input voltage 220-240 V [220 to 240 V]
Input frequency 50-60 Hz [50 to 60 Hz]
Control signal
voltage
0-16 V [0-16 V DC DALI]
• Mechanical
Housing material ALU [Aluminum]
• Initial perform. (IEC compliant)
Initial input power 50 W [50 W]
Initial luminous flux 5200 Lm
Initial LED luminaire
efficacy
104 Lm/W
Init. Corr. Color
Temperature
3000 [3000 K]
Init. Color Rendering
Index
≥80 [≥80]
Initial chromaticy (0.38, 0.38) SDCM <3.5
• Over time perform. (IEC compliant)
Median useful life
L80B50
50000 hr
• Application conditions
Average ambient
temperature
T25 [+25 °C]
Ambient temperature
range
0 to +35°C [0 to +35 °C]
Maximum dim level 1% [1%]
Suitable for random
switching
Yes [Yes (relates to presence/
movement detection and daylight
harvesting)]
• Product Data
Order code 910504094103
Full product code 910504094103
Full product name WL484W LED52S/830 PSD D/I SW
WH
Order product name WL484W LED52S/830 PSD D/I SW
WH
Pieces per pack 0
Packs per outerbox 1
Bar code on
outerbox - EAN3
8717943105274
Logistic code(s) -
12NC
910504094103
Net weight per piece 5.700 kg
Dimensional drawing
WL484W LED52S/830 PSD D/I SW WH
SmartBalance Wall-mounted
© 2015 Koninklijke Philips N.V. (Royal Philips)
All rights reserved.
Specifications are subject to change without notice. Trademarks are the property of
Koninklijke Philips N.V. (Royal Philips) or their respective owners.
www.philips.com/lighting
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Introducing
Today’s VariTrane®
Leadership Redefined
The quality and reliability
you’ve come to expect with
Trane VAV units
just got better.
©2001 American Standard, Inc. All rights reserved VAV-SLB004-EN
Take A Look Inside the VariTrane Unit
VariTrane – Leadership
Redefined
The Trane Company is pleased to
introduce a breakthrough in Variable Air
Volume (VAV) technology — the new
VariTrane VAV terminal unit. VariTrane
units are manufactured in the most state-
of-the-art VAV facility in the world. Proven
components, such as the patented Trane
Flow Ring and the Trane DDC controller,
are used. The most advanced
manufacturing techniques in the industry
have been implemented to provide an
exceptionally rugged and reliable VAV
unit. All products are UL listed for safety
and provide proven performance via
accepted industry standards like
ARI-880 and 885.
All VariTrane units have the following:
 Trane flow ring for unmatched airflow
measurement accuracy
Heavy gage air valve cylinder
 Interlocking panels which create an
extremely rugged unit
 Insulation edges are encapsulated
with metal
UL and CUL listing
 Fusing and disconnects (optional)
 Control power transformers (optional)
Single-Duct and Dual-Duct Air Terminals:
 Single-duct reheat options include water-
or electric-heating coils
Unit sizes provide 0 to 8000
nominal cfm
Access for water coil cleaning
 Factory-commissioned Trane controls
 Factory installation of customer
supplied controllers
 Slip and Drive connections as standard
Fan-powered Air Terminals:
 Parallel intermittent fan and series
continuous fan configurations
 Complete reheat options include water or
electric heating coils
 Fan sizes provide 200 to 3000
nominal cfm
 Single-speed motor with SCR is standard
for simplified system balancing
Optional high efficiency ECM motors
 Low-height models for critical
plenum requirements
Flow Ring – The patented Trane
flow ring provides unmatched
airflow measurement accuracy and
unit performance. It is recessed
within the 18-gage air valve
cylinder for protection during
jobsite handling and installation.
External Shaft – Comes with Air
Valve Position Indicator for easier
service diagnostics. An external
shaft also simplifies mounting of
all brands of controllers.
Fan Controls – Now comes with a
standard SCR used for fan-speed
control and system balancing.
Controls –Trane installs more
customer-supplied VAV controllers
than any other manufacturer in the
industry. For the highest quality and
reliability, demand Trane controls.
VAV-SLB004-EN 3
Complete VAV Control Offering
All VariTrane VAV controls are factory
commissioned. This means that
airflow, temperature setpoints, and
addressing are performed in a
controlled factory environment. 100%
factory-run testing is included to
ensure that units arrive and function
properly upon job startup. With factory-
commissioned controls, you have
better control over cost and quality.
This results in a higher quality
installation at a lower cost.
Trane Factory-commissioned Controls
Include:
DDC controller, the VAV Unit Control
Module (UCM) — Optimized
performance and integration to Trane
Tracer system.
 Pneumatic controller — Field
configurable for reverse- or direct-
acting thermostats.
Analog controller — Non-
communicating electronic control with
optional sensors.
Factory-Installation of Customer-
furnished Controls:
Some customers prefer to provide
their own controller to be installed in
our manufacturing facility. In these
cases, Trane will:
 Ensure compatibility with unit relays,
fuses, and transformer
 Install the controller, including piping
the pressure transducer to the Trane
flow ring
 Coordinate with the owners preferred
control vendor
The factory-installed controller option
has been available since the early
1990s. It provides unlimited controller
flexibility for building owners, and
should be considered when Trane
controls are not required.
Interlocking Panels –
Ruggedness and rigidity are
assured with Trane’s patent-
pending interlocking panel
construction. It creates
unmatched unit rigidity.
Air Valve – Designed to limit
inlet deformation and provide
consistent and repeatable
airflow across the flow ring.
Metal Encapsulated Edges –
All VariTrane Units are complete
with encapsulated edges to arrest
cut fibers and prevent erosion in
the airstream. This raises the bar
in the VAV industry.
1971
– 2001
30 Years of Qua
lit
y
The  Trane Company
An American Standard Company
www.trane.com
For more information contact
your local district office or
e-mail us at comfort @trane.com
Literature Order Number VAV-SLB004-EN
File Number SB-TD-VAV-000-SLB004-EN-1101
Supersedes New
Stocking Location La Crosse
Since The Trane Company has a policy of continuous product and product data improvement, it reserves
the right to change design and specifications without notice.
Complete Systems Include VariTrane Units
Integrated Comfort
Systems (ICS)
Trane’s Integrated Comfort System (ICS)
combines VariTrane VAV terminal unts,
Trane DDC controls, and factory
commissioning. Trane ICS enables
system-level control strategies like
Ventilation Reset and Static Pressure
Optimization to improve system
performance and efficiency. It’s like fuel
injection in a car’s engine. A gravity-fed
carburetor will provide gas to your car’s
engine, but fuel injection does it in the
most efficient manner, while boosting
horsepower. ICS is just that — a
horsepower and efficiency boost for
your VAV system!
Doesn’t ICS increase VAV system
complexity, which may impact
reliability?
Not really. Again, most VAV systems
are already using communicating
controllers on VAV units and air
handlers. Control strategies that save
energy are pre-programmed into the
VAV controller and Trane Tracer
System, which eliminates field
programming errors and complexities.
Implementing them only requires
minimal time and it actually improves
system reliability! All Trane VAV
controllers are factory commissioned.
This means that all temperature and
airflow setpoints are downloaded and
100% run tested in the factory before
shipment. You can be assured that
Trane DDC systems are the most
reliable system available!
Summary
An integrated system is essential for
complete building environmental
comfort and system efficiency. Through
the use of factory-commissioned
controllers, and the existing
capabilities of the DDC system,
additional energy saving strategies can
be implemented. At the same time, the
system maintains the highest reliability
in the industry. Call your local Trane
Sales Office for additional details.
System 1 System 1 w/
Pressure
Optimization
System 1 w/
Ventilation Reset
and Pressure
Optimization
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(Analysis performed with Trace® 700 building energy
and economic analysis software.)
Energy Efficiency
A significant consumer of energy in
commercial buildings is heating and
air conditioning. One of the most
energy-efficient HVAC solutions is the
VAV system. This has led to a steady
increase in VAV systems over the past
several years. VAV systems save
significant energy, comply with
ventilation requirements, and
provide reliable and personalized
occupant comfort.
Energy-saving features of Trane VAV
terminal units include:
 System strategies like Ventilation Reset,
and Static Pressure Optimization, etc.
Night setback
Occupied/unoccupied control
Demand controlled ventilation
 Electrically Commutated Motors (ECM)
 EarthWise™ Systems utilizing low
temperature air
To determine the potential energy
savings a VAV system can bring to your
applications, The Trane Company offers
energy modeling programs like
System Analyzer™, and Trace 700™
simulation software.
  
 
Appendix G 
Drainage Calculations 

  
 
Appendix H 
Structural Framing Materials List 
The structure is comprised of 6 different types of bays, which are given below.  
 
Table A: Different Types of Bays in Structure 
 36’x46’ 
Interior 
36’x46’ 
Edge 
(Girder on 
Edge) 
36’x46’ 
Edge (Joist 
on Edge) 
36’x46’ 
Corner  
25’x46’ 
Interior 
25’x46’ 
Edge 
(Girder on 
Edge) 
Number of 
Bays 
48 8 24 4 24 4 
  
The following tables detail the required materials for the assembly of 36’x46’ interior bays, 
36’x46’ edge bays with the girder on the edge, 36’x46’ edge bays with the joist on the edge, 
36’x46’ corner bays, 25’x46’ interior bays, 25’x46’ edge bays with the girder on the edge, the 
café overhang, and the garage ramp.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B: Materials for 36’x46’ Interior Bay  
 No Vibration Control 
Design 
Moderate Vibration 
Control Design 
Full Vibration Control 
Design 
3rd Level Girder 1xW33x130 (2.34T); 
47 ¾” studs  
1xW36x330 (5.94T); 
114 ¾” studs  
1xW36x652 
(11.736T); 234 ¾” 
studs  
3rd Level Joist 6xW24x62 (8.556T); 
132 ¾” studs  
6xW36x150 (20.7T); 
312 ¾” studs  
6xW36x182 
(25.116T); 396 ¾” 
studs  
3rd Level Slab 22.5 cubic yards (150 
pcf, 6 ksi) 
33.75 cubic yards (150 
pcf, 6 ksi) 
33.75 cubic yards (150 
pcf, 6 ksi) 
3rd Level Girder-
Column Connections 
4Ls 4x3½x⅜x1’-8½” 
(62.2 lb); 42 ¾” A325-
X bolts  
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts   
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts    
3rd Level Joist-Girder 
Connections 
24Ls 4x3½x¼x0’-
11½” (142.6 lb); 104 
¾” A325-X bolts  
24Ls 4x3½x¼x1’-5½” 
(217 lb); 156 ¾” 
A325-X bolts 
24Ls 4x3½x¼x1’-5½” 
(217 lb); 156 ¾” 
A325-X bolts 
2nd Level Girder  1xW33x141 (2.538T); 
50 ¾” studs  
1xW33x141 (2.538T); 
50 ¾” studs 
1xW33x141 (2.538T); 
50 ¾” studs 
2nd Level Joist 6xW24x68 (9.384T); 
144 ¾” studs  
6xW24x68 (9.384T); 
144 ¾” studs 
6xW24x68 (9.384T); 
144 ¾” studs 
2nd Level Slab 22.5 cubic yards (150 
pcf, 6 ksi) 
22.5 cubic yards (150 
pcf, 6 ksi) 
22.5 cubic yards (150 
pcf, 6 ksi) 
2nd Level Girder-
Column Connections 
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts  
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts 
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts 
2nd Level Joist-Girder 
Connections 
24Ls 4x3½x¼x0’-
11½” (142.6 lb); 104 
¾” A325-X bolts     
24Ls 4x3½x¼x0’-
11½” (142.6 lb); 104 
¾” A325-X bolts     
24Ls 4x3½x¼x0’-
11½” (142.6 lb); 104 
¾” A325-X bolts     
Column 1xW12x87 (1.131T) 1xW12x96 (1.248T) 1xW14x99 (1.287T) 
 
 
Table C: Materials for 36’x46’ Edge Bay with Girder on Edge 
 No Vibration Control 
Design 
Moderate Vibration 
Control Design 
Full Vibration Control 
Design 
3rd Level Girder 1½xW33x130 
(3.51T); 70.5 ¾” studs  
1½xW36x330 
(8.91T); 171 ¾” studs  
1½xW36x652 
(17.604T); 351 ¾” 
studs  
3rd Level Joist 6xW24x62 (8.556T); 
132 ¾” studs  
6xW36x150 (20.7T); 
312 ¾” studs  
6xW36x182 
(25.116T); 396 ¾” 
studs  
3rd Level Slab 22.5 cubic yards (150 
pcf, 6 ksi) 
33.75 cubic yards (150 
pcf, 6 ksi) 
33.75 cubic yards (150 
pcf, 6 ksi) 
3rd Level Girder-
Column Connections 
6Ls 4x3½x⅜x1’-8½” 
(93.3 lb); 63 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
3rd Level Joist-Girder 
Connections 
24Ls 4x3½x¼x0’-
11½” (142.6 lb); 124 
¾” A325-X bolts  
24Ls 4x3½x¼x1’-5½” 
(217 lb); 186 ¾” 
A325-X bolts 
24Ls 4x3½x¼x1’-5½” 
(217 lb); 186 ¾” 
A325-X bolts 
2nd Level Girder  1½xW33x141 
(3.807T); 75 ¾” studs  
1½xW33x141 
(3.807T); 75 ¾” studs 
1½xW33x141 
(3.807T); 75 ¾” studs 
2nd Level Joist 6xW24x68 (9.384T); 
144 ¾” studs  
6xW24x68 (9.384T); 
144 ¾” studs 
6xW24x68 (9.384T); 
144 ¾” studs 
2nd Level Slab 22.5 cubic yards (150 
pcf, 6 ksi) 
22.5 cubic yards (150 
pcf, 6 ksi) 
22.5 cubic yards (150 
pcf, 6 ksi) 
2nd Level Girder-
Column Connections 
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts 
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts 
2nd Level Joist-Girder 
Connections 
24Ls 4x3½x¼x0’-
11½” (142.6 lb); 124 
¾” A325-X bolts     
24Ls 4x3½x¼x0’-
11½” (142.6 lb); 124 
¾” A325-X bolts     
24Ls 4x3½x¼x0’-
11½” (142.6 lb); 124 
¾” A325-X bolts     
Column 1½xW12x87 
(1.6965T) 
1½xW12x96 (1.872T) 1½xW14x99 
(1.9305T) 
 
Table D: Materials for 36’x46’ Edge Bay with Joist on Edge  
 No Vibration Control 
Design 
Moderate Vibration 
Control Design 
Full Vibration Control 
Design 
3rd Level Girder 1xW33x130 (2.34T); 
47 ¾” studs  
1xW36x330 (5.94T); 
114 ¾” studs  
1xW36x652 
(11.736T); 234 ¾” 
studs  
3rd Level Joist 6½xW24x62 
(9.269T); 143 ¾” 
studs  
6½xW36x150 
(22.425T); 338 ¾” 
studs  
6½xW36x182 
(27.209T); 429 ¾” 
studs  
3rd Level Slab 22.5 cubic yards (150 
pcf, 6 ksi) 
33.75 cubic yards (150 
pcf, 6 ksi) 
33.75 cubic yards (150 
pcf, 6 ksi) 
3rd Level Girder-
Column Connections 
4Ls 4x3½x⅜x1’-8½” 
(62.2 lb); 42 ¾” A325-
X bolts  
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts   
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts    
3rd Level Joist-Girder 
Connections 
26Ls 4x3½x¼x0’-
11½” (154.5 lb); 116 
¾” A325-X bolts  
26Ls 4x3½x¼x1’-5½” 
(235.1 lb); 174 ¾” 
A325-X bolts 
26Ls 4x3½x¼x1’-5½” 
(235.1 lb); 174 ¾” 
A325-X bolts 
2nd Level Girder  1xW33x141 (2.538T); 
50 ¾” studs  
1xW33x141 (2.538T); 
50 ¾” studs 
1xW33x141 (2.538T); 
50 ¾” studs 
2nd Level Joist 6½xW24x68 
(10.166T); 156 ¾” 
studs  
6½xW24x68 
(10.166T); 156 ¾” 
studs 
6½xW24x68 
(10.166T); 156 ¾” 
studs 
2nd Level Slab 22.5 cubic yards (150 
pcf, 6 ksi) 
22.5 cubic yards (150 
pcf, 6 ksi) 
22.5 cubic yards (150 
pcf, 6 ksi) 
2nd Level Girder-
Column Connections 
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts  
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts 
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts 
2nd Level Joist-Girder 
Connections 
26Ls 4x3½x¼x0’-
11½” (154.5 lb); 116 
¾” A325-X bolts     
26Ls 4x3½x¼x0’-
11½” (154.5 lb); 116 
¾” A325-X bolts     
26Ls 4x3½x¼x0’-
11½” (154.5 lb); 116 
¾” A325-X bolts     
Column 1½xW12x87 
(1.6965T) 
1½xW12x87 
(1.6965T) 
1½xW12x87 
(1.6965T) 
Table E: Materials for 36’x46’ Corner Bay  
 No Vibration Control 
Design 
Moderate Vibration 
Control Design 
Full Vibration Control 
Design 
3rd Level Girder 1½xW33x130 
(3.51T); 70.5 ¾” studs  
1½xW36x330 
(8.91T); 171 ¾” studs  
1½xW36x652 
(17.604T); 351 ¾” 
studs  
3rd Level Joist 6½xW24x62 
(9.269T); 143 ¾” 
studs  
6½xW36x150 
(22.425T); 338 ¾” 
studs  
6½xW36x182 
(27.209T); 429 ¾” 
studs  
3rd Level Slab 22.5 cubic yards (150 
pcf, 6 ksi) 
33.75 cubic yards (150 
pcf, 6 ksi) 
33.75 cubic yards (150 
pcf, 6 ksi) 
3rd Level Girder-
Column Connections 
6Ls 4x3½x⅜x1’-8½” 
(93.3 lb); 63 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
3rd Level Joist-Girder 
Connections 
26Ls 4x3½x¼x0’-
11½” (154.5 lb); 136 
¾” A325-X bolts  
26Ls 4x3½x¼x1’-5½” 
(235.1 lb); 204 ¾” 
A325-X bolts 
26Ls 4x3½x¼x1’-5½” 
(235.1 lb); 204 ¾” 
A325-X bolts 
2nd Level Girder  1½xW33x141 
(3.807T); 75 ¾” studs  
1½xW33x141 
(3.807T); 75 ¾” studs 
1½xW33x141 
(3.807T); 75 ¾” studs 
2nd Level Joist 6½xW24x68 
(10.166T); 156 ¾” 
studs  
6½xW24x68 
(10.166T); 156 ¾” 
studs 
6½xW24x68 
(10.166T); 156 ¾” 
studs 
2nd Level Slab 22.5 cubic yards (150 
pcf, 6 ksi) 
22.5 cubic yards (150 
pcf, 6 ksi) 
22.5 cubic yards (150 
pcf, 6 ksi) 
2nd Level Girder-
Column Connections 
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts 
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts 
2nd Level Joist-Girder 
Connections 
26Ls 4x3½x¼x0’-
11½” (154.5 lb); 136 
¾” A325-X bolts     
26Ls 4x3½x¼x0’-
11½” (154.5 lb); 136 
¾” A325-X bolts     
26Ls 4x3½x¼x0’-
11½” (154.5 lb); 136 
¾” A325-X bolts     
Column 2¼xW12x87 
(2.54475T) 
2¼xW12x96 (2.808T) 2¼xW14x99 
(2.89575T) 
Table F: Materials for 25’x46’ Interior Bay  
 No Vibration Control 
Design 
Moderate Vibration 
Control Design 
Full Vibration Control 
Design 
3rd Level Girder 1xW33x130 (1.625T); 
45 ¾” studs  
1xW36x330 (4.125T); 
118 ¾” studs  
1xW36x652 (8.15T); 
224 ¾” studs  
3rd Level Joist 5xW24x62 (7.13T); 
110 ¾” studs  
5xW36x150 (17.25T); 
260 ¾” studs  
5xW36x182 (20.93T); 
330 ¾” studs  
3rd Level Slab 15.75 cubic yards (150 
pcf, 6 ksi) 
23.5 cubic yards (150 
pcf, 6 ksi) 
23.5 cubic yards (150 
pcf, 6 ksi) 
3rd Level Girder-
Column Connections 
4Ls 4x3½x⅜x1’-8½” 
(62.2 lb); 42 ¾” A325-
X bolts  
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts   
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts    
3rd Level Joist-Girder 
Connections 
20Ls 4x3½x¼x0’-
11½” (142.6 lb); 88 
¾” A325-X bolts  
20Ls 4x3½x¼x1’-5½” 
(217 lb); 132 ¾” 
A325-X bolts 
20Ls 4x3½x¼x1’-5½” 
(217 lb); 132 ¾” 
A325-X bolts 
2nd Level Girder  1xW33x141 
(1.7625T); 49 ¾” 
studs  
1xW33x141 
(1.7625T); 49 ¾” 
studs 
1xW33x141 
(1.7625T); 49 ¾” 
studs 
2nd Level Joist 5xW24x68 (7.82T); 
120 ¾” studs  
5xW24x68 (7.82T); 
120 ¾” studs 
5xW24x68 (7.82T); 
120 ¾” studs 
2nd Level Slab 15.75 cubic yards (150 
pcf, 6 ksi) 
15.75 cubic yards (150 
pcf, 6 ksi) 
15.75 cubic yards (150 
pcf, 6 ksi) 
2nd Level Girder-
Column Connections 
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts  
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts 
4Ls 4x3½x⅜x1’-11½” 
(71.3 lb); 48 ¾” A325-
X bolts 
2nd Level Joist-Girder 
Connections 
20Ls 4x3½x¼x0’-
11½” (142.6 lb); 88 
¾” A325-X bolts     
20Ls 4x3½x¼x0’-
11½” (142.6 lb); 88 
¾” A325-X bolts     
20Ls 4x3½x¼x0’-
11½” (142.6 lb); 88 
¾” A325-X bolts     
Column 1xW12x87 (1.131T) 1xW12x96 (1.248T) 1xW14x99 (1.287T) 
 
 
 
Table G: Materials for 25’x46’ Edge Bay with Girder on Edge 
 No Vibration Control 
Design 
Moderate Vibration 
Control Design 
Full Vibration Control 
Design 
3rd Level Girder 1½xW33x130 
(2.4375T); 67.5 ¾” 
studs  
1½xW36x330 
(6.1875T); 177 ¾” 
studs  
1½xW36x652 
(12.225T); 336 ¾” 
studs  
3rd Level Joist 5xW24x62 (7.13T); 
110 ¾” studs  
5xW36x150 (17.25T); 
260 ¾” studs  
5xW36x182 (20.93T); 
330 ¾” studs  
3rd Level Slab 15.75 cubic yards (150 
pcf, 6 ksi) 
23.5 cubic yards (150 
pcf, 6 ksi) 
23.5 cubic yards (150 
pcf, 6 ksi) 
3rd Level Girder-
Column Connections 
6Ls 4x3½x⅜x1’-8½” 
(93.3 lb); 63 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
3rd Level Joist-Girder 
Connections 
20Ls 4x3½x¼x0’-
11½” (142.6 lb); 104 
¾” A325-X bolts  
20Ls 4x3½x¼x1’-5½” 
(217 lb); 156 ¾” 
A325-X bolts 
20Ls 4x3½x¼x1’-5½” 
(217 lb); 156 ¾” 
A325-X bolts 
2nd Level Girder  1½xW33x141 
(2.64375T); 73.5 ¾” 
studs  
1½xW33x141 
(2.64375T); 73.5 ¾” 
studs 
1½xW33x141 
(2.64375T); 73.5 ¾” 
studs 
2nd Level Joist 5xW24x68 (7.82T); 
120 ¾” studs  
5xW24x68 (7.82T); 
120 ¾” studs 
5xW24x68 (7.82T); 
120 ¾” studs 
2nd Level Slab 15.75 cubic yards (150 
pcf, 6 ksi) 
15.75 cubic yards (150 
pcf, 6 ksi) 
15.75 cubic yards (150 
pcf, 6 ksi) 
2nd Level Girder-
Column Connections 
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts  
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts 
6Ls 4x3½x⅜x1’-11½” 
(107 lb); 72 ¾” A325-
X bolts 
2nd Level Joist-Girder 
Connections 
20Ls 4x3½x¼x0’-
11½” (142.6 lb); 104 
¾” A325-X bolts     
20Ls 4x3½x¼x0’-
11½” (142.6 lb); 104 
¾” A325-X bolts     
20Ls 4x3½x¼x0’-
11½” (142.6 lb); 104 
¾” A325-X bolts     
Column 1½xW12x87 
(1.6965T) 
1½xW12x96 (1.872T) 1½xW14x99 
(1.9305T) 
 
Table H: Materials for Café Overhang 
 No Vibration Control 
Design 
Moderate Vibration 
Control Design 
Full Vibration Control 
Design 
2nd and 3rd Level 30’ 
Girder 
2xW33x141 
(4.23T); 100 ¾” studs  
2xW33x141 
(4.23T); 100 ¾” studs  
2xW33x141 
(4.23T); 100 ¾” studs  
2nd and 3rd Level 
20’/20’-1½” Girder 
8xW33x141 
(11.844T); 400 ¾” 
studs  
8xW33x141 
(11.844T); 400 ¾” 
studs  
8xW33x141 
(11.844T); 400 ¾” 
studs  
2nd and 3rd Level 30’ 
Joist 
14xW24x68 (14.28T); 
336 ¾” studs  
14xW24x68 (14.28T); 
336 ¾” studs  
14xW24x68 (14.28T); 
336 ¾” studs  
2nd and 3rd Level 26’-
4” Joist 
4xW24x68 (3.672T); 
96 ¾” studs  
4xW24x68 (3.672T); 
96 ¾” studs  
4xW24x68 (3.672T); 
96 ¾” studs  
2nd and 3rd Level 22’-
6” Joist 
4xW24x68 (3.128T); 
104 ¾” studs  
4xW24x68 (3.128T); 
104 ¾” studs  
4xW24x68 (3.128T); 
104 ¾” studs  
2nd and 3rd Level 18’ 
Joist 
4xW24x68 (2.516T); 
104 ¾” studs  
4xW24x68 (2.516T); 
104 ¾” studs  
4xW24x68 (2.516T); 
104 ¾” studs  
2nd and 3rd Level 6’ 
Joist 
4xW24x68 (0.884T); 
96 ¾” studs  
4xW24x68 (0.884T); 
96 ¾” studs  
4xW24x68 (0.884T); 
96 ¾” studs  
2nd and 3rd Level Slab 50 cubic yards (150 
pcf, 6 ksi) 
50 cubic yards (150 
pcf, 6 ksi) 
50 cubic yards (150 
pcf, 6 ksi) 
2nd and 3rd Level Level 
Girder Connections 
8Ls 4x3½x⅜x1’-11½” 
(142.6 lb); 96 ¾” 
A325-X bolts; 32 weld 
locations 
8Ls 4x3½x⅜x1’-11½” 
(142.6 lb); 96 ¾” 
A325-X bolts; 32 weld 
locations 
8Ls 4x3½x⅜x1’-11½” 
(142.6 lb); 96 ¾” 
A325-X bolts; 32 weld 
locations 
2nd and 3rd Level Joist 
Connections 
96Ls 4x3½x¼x0’-
11½” (570.4 lb); 576 
¾” A325-X bolts; 24 
weld locations     
96Ls 4x3½x¼x0’-
11½” (570.4 lb); 576 
¾” A325-X bolts; 24 
weld locations     
96Ls 4x3½x¼x0’-
11½” (570.4 lb); 576 
¾” A325-X bolts; 24 
weld locations     
Column 4xW12x87 (4.524T) 4xW12x96 (4.992T) 4xW14x99 (5.148T) 
 
 
 
Table I: Materials for Each Access Ramp (2 Total) 
 No Vibration Control 
Design 
Moderate Vibration 
Control Design 
Full Vibration Control 
Design 
27’-5” Girder 4xW21x44 (2.4127T); 
68 ¾” studs   
4xW21x44 (2.4127T); 
68 ¾” studs   
4xW21x44 (2.4127T); 
68 ¾” studs   
15’-½” Girder 4xW21x44 (1.3237T); 
68 ¾” studs   
4xW21x44 (1.3237T); 
68 ¾” studs   
4xW21x44 (1.3237T); 
68 ¾” studs   
24’ Joist 14xW12x19 (3.192T); 
112 ¾” studs  
14xW12x19 (3.192T); 
112 ¾” studs  
14xW12x19 (3.192T); 
112 ¾” studs  
Ramp Slab 27.67 cubic yards (150 
pcf, 6 ksi) 
27.67 cubic yards (150 
pcf, 6 ksi) 
27.67 cubic yards (150 
pcf, 6 ksi) 
Concrete Ramp 13.75 cubic yards (150 
pcf, 6 ksi) 
13.75 cubic yards (150 
pcf, 6 ksi) 
13.75 cubic yards (150 
pcf, 6 ksi) 
Elevated Concrete 
Slab 
35.2 cubic yards (150 
pcf, 6 ksi) 
35.2 cubic yards (150 
pcf, 6 ksi) 
35.2 cubic yards (150 
pcf, 6 ksi) 
Girder-Column 
Connections 
28Ls 7x4x⅜x1’-2½” 
(460.2 lb); 210 ¾” 
A325-X bolts 
28Ls 7x4x⅜x1’-2½” 
(460.2 lb); 210 ¾” 
A325-X bolts 
28Ls 7x4x⅜x1’-2½” 
(460.2 lb); 210 ¾” 
A325-X bolts 
Joist-Girder 
Connections 
56Ls 4x3½x¼x0’-5½” 
(159.2 lb); 168 ¾” 
A325-X bolts  
56Ls 4x3½x¼x0’-5½” 
(159.2 lb); 168 ¾” 
A325-X bolts  
56Ls 4x3½x¼x0’-5½” 
(159.2 lb); 168 ¾” 
A325-X bolts  
2’-8½” Column 2xW8x31 (0.084T) 2xW8x31 (0.084T) 2xW8x31 (0.084T) 
7’-3” Column 2xW8x31 (0.22475T) 2xW8x31 (0.22475T) 2xW8x31 (0.22475T) 
11’-10” Column 2xW8x31 (0.3669T) 2xW8x31 (0.3669T) 2xW8x31 (0.3669T) 
 
 
 
 
 
 
 
Materials List 
2nd Level (All Designs) 
W33x141 (Girder)- 90x36’ (228.42T) 
          30x25’ (52.875T) 
W24x68 (Joist)- 658x46’ (1029.112T) 
Concrete- 2350 cu yds 
L4x3½x⅜ (Girder-column)- 940 ft (4.277T) 
L4x3½x¼ (Joist-girder)- 2523 ft (7.8213T) 
¾” shear studs- 21762 
¾” A325-X bolts- 17600 
Total steel (including angles) = 1322.5053T 
 
Café Overhang (All Designs) 
W33x141 (Girder)- 2x30’ (4.23T) 
          8x21’ (11.844T) 
W24x68 (Joist)- 14x30’ (14.28T) 
                           4x27’ (3.672T) 
                           4x23’ (3.128T) 
                           4x18’-6” (2.516T) 
                           4x6’-6” (0.884T) 
Concrete- 50 cu yds 
L4x3½x⅜ (Girder)- 16 ft (0.0728T) 
L4x3½x¼ (Joist)- 92 ft (0.2852T) 
¾” shear studs- 1236 
¾” A325-X bolts- 672 
56 weld locations 
Total steel (including angles) = 40.912T 
 
 
 
 
No Vibration Control Design (Not Including 2nd Level) 
W33x130 (Girder)- 90x36’ (210.6T) 
          30x25’ (48.75T) 
W24x62 (Joist)- 658x46’ (938.308T) 
W12x87 (Column)- 135x26’ (152.685T) 
Concrete- 2350 cu yds 
L4x3½x⅜ (Girder-column)- 820 ft (3.731T) 
L4x3½x¼ (Joist-girder)- 2523 ft (7.8213T) 
¾” shear studs- 20056 
¾” A325-X bolts- 16880 
Total steel (including angles) = 1361.8953T 
 
Moderate Vibration Control Design (Not Including 2nd Level) 
W36x330 (Girder)- 90x36’ (534.6T) 
                                30x25’ (123.75T) 
W36x150 (Joist)- 658x46’ (2270.1T) 
W12x96 (column)- 135x26’ (164.268T) 
Concrete- 3500 cu yds 
L4x3½x⅜ (Girder-column)- 940 ft (4.277T) 
L4x3½x¼ (Joist-girder)- 3839 ft (11.9009T) 
¾” shear studs- 20056 
¾” A325-X bolts- 16880 
Total steel (including angles) = 3108.8959T 
 
 
 
 
 
 
 
 
Full Vibration Control Design (Not Including 2nd Level) 
W36x652 (Girder)- 90x36’ (1056.24T) 
                                30x25’ (244.5T) 
W36x182 (Joist)- 658x46’ (2754.388T) 
W14x99 (column)- 135x26’ (168.129T) 
Concrete- 3500 cu yds 
L4x3½x⅜ (Girder-column)- 940 ft (4.277T) 
L4x3½x¼ (Joist-girder)- 3839 ft (11.9009T) 
¾” shear studs- 71208 
¾” A325-X bolts- 16880 
Total steel (including angles) = 4239.4349T 
 
Access Ramp System  
W21x44 (Girder)- 8x27’-5” (4.8254T) 
        8x15’-½” (2.6474T)  
W12x19 (Joist)- 28x24’ (6.384T) 
W8x31 (column)- 4x2’-8½” (0.168T) 
                              4x7’-3” (0.4495T) 
        4x11’-10” (0.7338T) 
Concrete- 154 cu yds 
L7x4x⅜ (Girder-column)- 68 ft (0.4602T) 
L4x3½x¼ (Joist-girder)- 52 ft (0.1612T) 
¾” shear studs- 496 
¾” A325-X bolts- 756 
Total steel (including angles) = 15.8295T 
   
 
 
 
 
 
